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Abstract 
Common scab, caused by plant pathogenic Streptomyces sp., is a major soil and tuber 
borne bacterial disease of potato. Whilst the disease seldom affects tuber yield, 
infections produce unsightly blemishes on tubers that reduce their value. It causes 
significant economic losses in the fresh, processing and seed market sectors of the 
potato industry. Despite several decades of research activity, no single measure has 
been developed that is able to provide effective control of this disease and comhlon 
scab therefore remains a serious threat to the potato production throughout the potato 
growing areas of the world. This project investigated links between tuber structural 
attributes and susceptibility to infection, an area of study under-represented in the 
literature and offering potential to deliver new knowledge on common scab disease 
that may lead to improved approaches to disease management. 
A series of experiments was conducted under field, glasshouse and hydroponic 
conditions to investigate changes in morphology and anatomy of the potato tuber. 
Inoculation treatments were developed to investigate relationships between structural 
features at the time of inoculation and the subsequent levels of infection. A novel 
hydroponic system was developed that allowed inoculation of individual tubers at 
specific times or stages of development and permitted non-destructive observation of 
the development of common scab symptoms. A second novel system involved the 
use of netting in potting bags to separate tubers from the root zone and allowed 
inoculation at different times during plant growth. This system facilitated study of 
the pathogen infection window on the tubers, and pathogen-induced structural 
changes in the tubers, under glasshouse conditions. Field studies were undertaken in 
12 commercial crops across a range of production environments, and utilised seed 
from a single source to allow assessment of site effects on tuber development and 
disease incidence. 
Many tuber anatomical and morphological features (stomata and lenticel number, 
periderm thickness, lenticel structure, pattern of suberisation and internode expansion 
rate on the tubers) were found to be highly variable under different field and 
glasshouse conditions, and significant variability within crops/treatments was also 
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observed. Lenticel diameter was determined by growmg environment, but other 
structural features varied as much between tubers within sites or treatments as 
between sites or treatments. Given the sporadic nature of occurrence of common scab 
symptoms within and between crops, the observations of variation in structural 
features was sufficient to indicate that anatomical features could be playing a role in 
susceptibility to infection. 
Detailed study of lenticel development on tubers revealed that two pathways of 
lenticel formation exist in potato tubers. Formation of lenticels from stomata, the 
commonly accepted pathway in the literature, occurred on all tubers, but when tubers 
expanded rapidly, lenticels were found to have also formed directly from peridermal 
rupture. In most tubers, the majority of lenticels were concluded to have formed from 
this second pathway. The initiation of lenticel formation in both pathways was shown 
to be via localised zones of increased cell division in the phellem layer, placing 
pressure on the outer cell layers and leading to rupture of the periderm. Continued 
cell division and expansion under the rupture site creates the characteristic raised 
lenticular shaped structure of a mature lenticel. Suberization in lenticels was 
observed to occur very late m Luber development in most glasshouse and 
hydroponically grown tubers, and lenticels with no suberisation were found in 
mature tubers under all growing conditions in the project. 
No relationship was found between tuber anatomical features at the time of exposure 
to the pathogen and either incidence or severity of common scab symptoms. While 
trends were observed within trials, when data from all experiments were examined 
there was no structural attribute that was consistently present or absent in treatments 
that induced high levels of common scab symptoms. Under field conditions, 
suberisation in the periderm was noted in young tubers in crops that subsequently 
developed high incidence of common scab, but under glasshouse conditions non-
suberized tubers at the point of inoculation were found to be highly susceptible to the 
disease. No evidence was found of increased suberisation in lenticels during tuber 
maturation being associated with reduced susceptibility to infection, with the timing 
of suberisation varying markedly between trials and in many conditions not recorded 
until very late in tuber development. 
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The window of tuber susceptibility to common scab disease infection was shown to 
vary with the season or conditions under which the plants were grown. In addition, 
the first direct evidence that different intemodes on tubers were susceptible to 
infection at different times during tuber development was produced. Basal 
intemodes, which are the first sections of the tuber to expand, are susceptible earliest 
in tuber development with apical intemodes only becoming susceptible later in tuber 
growth by which time the basal intemodes are no longer susceptible. 
Basal intemodes in older tubers, which were less susceptible to common scab 
infection, were shown to rapidly produce additional phellem cell layers when 
exposed to the pathogen, whereas the same internodes in young, susceptible tubers 
were slower to respond. A pathogen-induced suberin deposition in phellem and 
filling cells was observed in less susceptible tubers in addition to the increased 
thickness and number of cell layers in the phellem. This result suggested that the 
phellem layer rather than the lenticels may be involved in common scab infection, 
with infection occurring directly through the periderm, as suggested by Loria et al. 
(2003), rather than through the lenticels as suggested by most other authors. 
This project has contributed to a better understanding of the role and relationships 
between pre-existing or induced structural features of the tuber and common scab 
disease infection of potato. Further investigations on the role of phellem layers in 
disease infection and pathogen-induced phellem layer responses are recommended. 
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Chapter I General Introduction 
Chapter 1 
GENERAL INTRODUCTION 
Potato crop: an introduction 
The potato (Solanum tuberosum L.) is the crop of worldwide importance (Bonierbale 
et al. 1990). With its high productivity per unit area, a short growing season and high 
market price, it generates higher returns per hectare than most other food crops 
(Beukema and V ander Zaag 1990). Especially in developing parts of the world, it 
serves as a source of fresh food and income generation in the daily lives of the poor. 
Within Australia, potatoes are the most valuable vegetable crop produced accounting 
for 43% of total national vegetable production in 2005/06 (ABS 2006). Of the 
national potato industry, the processing industry (French fry and crisping) accounts 
for approximately 56%, fresh 36% and seed 8% (AUSVEG 2007). Potatoes are 
cropped in all six states of Australia with South Australia (10,686 ha), Victoria 
(8,403 ha) and Tasmania (6,717 ha) being the main production areas accounting for 
about 75% of the national potato crop (AUSVEG 2007). National production totals 
over the years 2001 to 2005 is presented in Figure 1.1. 
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Figure 1.1: Total area and production of potato crop in Australia (ABS 2006). 
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In Tasmania, potatoes are a major vegetable crop produced and are predominantly 
grown on the fertile, basalt-derived krasnozem soils of the states Northwest (Lacey 
2000). Russet Burbank, Desiree, Bintje, Shepody and Pink Eye are some of the very 
important cultivars grown in Tasmania. The area under potato crop was estimated to 
be 6,717 ha in the 2004-05 season and produced a yield of approximately 320,824 
tonnes (P. Hardman, Simplot Australia,pers. comm. and cited by Tegg 2006). 
Potato crop and diseases 
Although the amount of each crop lost to diseases and pests varies between crops, the 
total crop loss is estimated at about one third of the potential production of the world 
(Agrios 2005). Total annual production for all agricultural crops worldwide was 
estimated to be about USD 1500 billion (in 2002) and of this, about USD 550 billion 
worth of produce was estimated to be lost due to diseases, insects, and weeds (Agrios 
2005). 
In common with all crops grown, the potato (Solanum tuberosum L.) is susceptible to 
a great number of diseases from bacteria, fungi, viruses, viroids, mycoplasma and 
nematodes. Some of them are of worldwide importance whereas others are of more 
localized significance (Rich 1983). Expenditure on disease control differs in different 
regions, depending on the crop value and number of diseases of economic 
importance (Hide and Lapwood 1992). In potato crops in developing counties alone, 
total crop losses resulting only from bacterial and fungal diseases can amount to 
hundreds of millions of US dollars worth of damage annually (Destefano-Beltran et 
al. 1990). 
Potato and common scab disease 
Common scab disease threatens the global potato industry as it can decrease quality 
and saleability of the produce and is one of the most prevalent and costly diseases for 
the potato industry. It is a major soil-borne potato disease for potato growers 
worldwide (Hooker 1981 ), primarily due to the blemishes it causes that impact on 
tuber appearance (Hide and Lapwood 1992; Loria 1991). The estimated cost of the 
disease is $5 million a year to the Tasmanian potato industry (Molesworth 2007). 
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The Streptomyces are soil-and seed-borne pathogens (Pavlista 1996) and infection of 
tubers is considered to occur through lenticels during tuber initiation and early stages 
of tuber enlargement (Adams and Lapwood 1978) or directly through epidermal cells 
on immature, expanding potato tuber tissue (Loria et al. 2003). The first symptoms 
appear as necrosis around the infection site (Fellows 1926) and lesions subsequently 
develop a corky appearance due to suberisation of surrounding tuber tissue (Lacey 
and Wilson 2001 ). Individual lesions are normally circular but when many are 
present on a tuber they may coalesce to form irregular shaped scabbed areas. The 
pathogen also infects fibrous roots of potatoes and of other plant species (Hooker 
1949) causing local necrosis or reduced root growth. 
Disease management 
Several methods to control this disease have been used by growers, such as through 
increased irrigation during tuber formation (Adams and Lapwood 1978; Lapwood 
and Adams 1975), application of green manures (Rouatt 1950; Weinhold and 
Rowman 1968), c.rop rot<1tion (Hooker 1990), org<1nic <1mendments (Huber and 
Watson 1970), chemical control (Davis et al. l 97 4; Hooker 1990; Nuget 1956), soil 
application of a range of chemicals such as urea formaldehyde, sulphur, gypsum, 
copper salts and magnesium sulphate (Hide and Lapwood 1992), soil fumigation 
(Hooker 1990), lowering soil pH (Hooker 1990) and use of a biofertilizer (Hayashida 
et al. 1989). Whether the effect of all of these methods is through effects on 
Streptomyces pathogens or on the host, altering susceptibility to infection is not well 
understood (Hide and Lapwood 1992) and complete and sustainable control of this 
disease remains elusive. 
Varietal tolerance or resistance to scab is available but many of the varieties 
presently of commercial importance are not effectively resistant (Powelson et al. 
1993). The physical or physiological basis of resistance to common scab has not 
been investigated in detail. An understanding of resistance and susceptibility 
mechanisms in the tubers to common scab (Streptomyces scabiei) disease would be 
valuable to breeding programs, and were the focus ofresearch in this project. 
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Research Objectives 
Following a critical evaluation of the literature, the relationship between tuber 
structural properties and susceptibility to common scab infection was selected as the 
focus of the project. The broad objectives of the work presented in this thesis were 
to: 
1. Document the development of lenticels, considered by many authors to be the 
entry point for the pathogen into the tuber, and describe the variability in 
lenticel number and structure under different growing environments. 
2. Develop novel methods to inoculate tubers at different stages of plant or tuber 
development to allow detailed examination of tuber structural features at the 
time of exposure to the pathogen and changes after infection. 
3. Determine the disease infection window for common scab during which 
tubers, and regions on tubers, are most susceptible to infection. 
4. Assess relationships between tuber structural attributes and infection rates in 
tubers of different cultivars, ages, and growing environments to determine if 
the structural features contribute to tuber susceptibility to infection. 
Thesis Structure 
The thesis is divided into 8 chapters. 
Chapter 1 is a general introduction in which the overall objectives are outlined. 
Chapter 2 is a literature review on the topics of potato tuber morphology, common 
scab disease, and resistance and susceptibility mechanisms of the tuber. 
Chapter 3 describes the general materials and methods used in this study. 
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Chapter 4 focuses on variations in tuber structures that have been identified in the 
literature as likely to contribute to disease susceptibility 
Chapter 5 focuses on lenticel development and documents two pathways of lenticel 
formation on tubers. 
Chapter 6 documents the infection window during which tubers are most susceptible 
to common scab infection. 
Chapter 7 examines the relationship between tuber structural features and 
susceptibility to common scab infection. 
Chapter 8 focuses on structural changes induced by exposure to the common scab 
pathogen, and proposes induced changes in the phellem as a resistance mechanism in 
potatoes. 
Chapter 9 summanzes major findings reached in previous chapters and briefly 
discusses them in the context of the overall objectives. This chapter additionally 
discusses problems with research work and brings recommendations for future work. 
General conclusions are also presented. 
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Chapter2 
Literature Review 
Introduction 
Plants face a wide variety of biotic and abiotic stresses during their life-time and the 
potato crop is no exception to this challenge. Over 300 pests and diseases are 
reported to which the potato crop is prone worldwide (Horton 1992). Of these, more 
than a hundred diseases caused by bacteria, fungi, viruses or mycoplasma have been 
documented in the potato crop. These diseases may affect the foliage, root system 
and/or tubers, making the crop vulnerable throughout the whole life cycle (Hide and 
Lapwood 1992). Total crop losses resulting from bacterial and fungal diseases can 
amount to hundreds of millions of dollars damage annually. The significance of these 
diseases in terms of yield loss and crop quality, and consequent economic impact, 
varies with location, making effective disease control strategies a pre-requisite for a 
higher yield and better quality product in all the potato producing areas of the world 
(Struik and Wiersema 1999). 
As the potato crop is vegetatively propagated, the seed tubers and soil media can 
contribute as major sources of inoculum, thus ensuring the continual survival of 
many potato diseases. Common scab, powdery scab and Rhizoctonia are some of the 
major tuber and soil-borne potato diseases endemic in a major proportion of the 
world's production areas. Among these, common scab caused predominantly by 
Streptomyces scabiei is one of the most prevalent and economically important 
diseases present in most potato growing areas of the world (Hooker 1981 ). Common 
scab is difficult to control due to the atypical unusual filamentous prokaryotic nature 
of the pathogens, variability of the disease symptoms and wide host range 
(Domkarova et al. 2007; Wilson 1995). 
Once introduced, common scab pathogens can inhabit the soil for decades. When the 
host is available and environment is favourable, pathogens may infect the potato 
plant through the tubers, causing the disease. During the multiplication process of the 
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pathogens, a toxic substance (thaxtomin) is secreted and stimulates the cells 
surrounding the lesion to divide rapidly and suberin is synthesized at the site of 
infection (Babcock et al. 1993). These suberized layers push the infected area 
outwards, the periderm ruptures and scab-like structures form on the potato tuber. 
Infection is suspected to occur through one or more of the characteristic features of 
the tuber, the stomata, lenticels and periderm. Since the evidence available in the 
literature for infection through the stomata and periderm is not very strong, and 
circumstantial evidence exists for entry through lenticels, the lenticels on immature 
tubers are widely accepted as the route of infection. The relationship between lenticel 
number and/or structure and infection has, however, not been examined in detail 
despite the possibility that knowledge of such a relationship may contribute to 
development of new disease management strategies. Therefore, an improved 
understanding of any structural features of the potato tuber that influence common 
scab infection would represent a significant advance in crop development, disease 
management and production of the potato crop. 
Potato tuber morphology 
A potato tuber is a modified stem possessing much reduced leaves and axillary buds, 
shortened intemodes, and a radially expanded stem axis (Harris 1978). The tubers 
form on stolons, and the developmental events that occur during the transition from 
stolon tip to mature tuber include changes to the structures on the surface layers. An 
early event in potato tuber formation is the replacement of the epidermis of the 
expanding stolon tip by a periderm (Tyner et al. 1997). In the epidermis, there are 
stomata (Plate 2.1 a) which are replaced by structures including lenticels during tuber 
formation (Plate 2.1 b ). Usually apparent as small dots on the tuber surface, lenticels 
are the most prominent visible external structures ( Artschwager 1924 ). A 
considerable volume of complimentary cells (also called filling cells) are present in 
well developed lenticels (Plate 2.1 c) and are derived either from the divisions of sub-
stomatal cells, or cells produced towards the exterior by a meristematic region, the 
phellogen, of the lenticel (Fahn 1989). 
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P late 2.1: Stomata (a) and lenticels (b) (white dots) and filling cells (c) on potato tuber cv. Russet 
Burbank. Arrow tips indicate appropriate structure. Images taken during this PhD study. 
The stomata, another surface morphological structure on plant organs including very 
young tubers, play an important role in plants through transpiration and 
photosynthesis functions (Salisbury and Ross 1986) while the lenticels are involved 
in the gaseous exchange functions for photosynthesis, respiration and transpiration in 
the absence of stomata (Mauseth 1988; Michaels 193 5). In addition, these structures 
have been considered to be the main entry points for several potato pathogens, 
main ly those causing common scab (S. scabiei) (Thaxter) (Fellows 1926), bacterial 
soft rots (Erwninia carotovora). (Smith and Ramsey 194 7), powdery scah 
(Spongospora subterrance) (Kole 1954), skin spot ( Oospora pustlans) (Allen 1957) 
and even late blight (Phytophthora infestans (Mont.) de Bary) (Lohnis 1925) disease 
of potato. 
Common scab disease 
Common scab, described in the literature as early as 1891 (Thaxter 1891 ), is one of 
the oldest, most common and widespread bacterial diseases found virtually in all 
parts of the world where the potato is grown (Afanasiev 1937; Goss 1934). Oospora 
scabies, isolated from potatoes in Connecticut (Thaxter 1891 ), was initially described 
as the causal organism of this disease and was later designated as Streptomyces 
scabiei (Thaxt.) (Lambert and Loria 1989a). 
Common scab is one of the greatest economic constraints in potato crop production, 
and creates significant losses in a major proportion of the world' s production areas 
(Hooker 1981) in fresh, processing and seed market sectors (Lacey and Wilson 
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2001). The losses to the potato processors through the necessity for double peeling 
where lesions are deep-pitted on potato tubers is an example of the economic impact 
of the disease (Bouchek-Mechiche et al. 2000). This disease does not usually have 
significant effects on plant vigour or tuber yields (Agrios 2005), but through the 
blemishes, this disease can seriously affect tuber quality, and, therefore severely 
reduces its market value (Delserone et al. 1991). With increasing severity of this 
disease, scab lesions deepen on the tuber skin and wastage rate increases. 
Common scab is one of the most significant diseases faced by potato growers in 
Australia. The Australian potato industry is relatively small by international 
standards, producing approximately 1.3 million tonnes per annum and 35.4 tonnes 
per hectare (ABS 2006). South Australia, Victoria and Tasmania are the major potato 
growing areas of the country occupying about 75% of the national potato crop. 
About 56% of the production goes for processing, 36% for fresh market and the 
remaining 8% for seed market purposes (AUSVEG 2007). Key constraints that the 
Australian potato industry is facing at present include restricted availability of water, 
high rates of nutrient use, non-uniform quality and a range of diseases and pests 
(SIMPLOT 2007). Among the diseases, common scab has been identified as a major 
contributor to the economic losses in potato crops in Australia (Wilson et al. 1999). 
Within the state of Tasmania alone, the French fry processing industry has identified 
common scab as the greatest economic constraint and industry figures for 2007 
estimate that this disease cost the Tasmanian French fry processing industry A$5 
million (Molesworth 2007). Reflecting its prevalence and disease severity, as well as 
lack of major losses due to other diseases such as late blight, it is widely regarded as 
the most economically important disease of potato in the state. As scab infected seed 
tubers do not meet certification standards, seed growers also face large losses 
(A$2.31 M p.a. or 31 % of this sectors value) and the processing industry needs to 
contract ~30% more seed than required to cope with anticipated loss of certified seed 
through common scab infection (Tegg 2006). 
Internationally, common scab has consistently ranked as one of the most significant 
potato diseases in surveys conducted in different regions of the world. Although the 
loss of potatoes in terms of yield is small, the loss to the grower in financial terms is 
considerably higher since badly scabbed potatoes are not accepted by consumers 
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(Strange 2003; Tashiro et al. 1990). In a 1991 survey, North American potato 
growers ranked common scab as the fourth most important disease of potato (Loria et 
al. 1997; Slack 1992). In 1993 a survey in Pakistan reported scab as one of the major 
problems in the seed production area of the country (Jan 1993). In South Africa, 
common scab is regarded as one of the more important factors limiting successful 
potato production in the country. This was demonstrated between 1996 and 2004, 
where in addition to large losses producers faced through the reducing cosmetic 
value of ware potatoes in consumer demand, also about 32% of the seed tubers were 
either rejected or decertified due to this disease (Gouws 2006). In Hokkaido, Japan 
about 30 to 40% of the total potato production area was infested with common scab 
during the decade of 1990 to 2000 (Kobayashi et al. 2005). Clearly this disease is a 
major worldwide problem for the potato industry, and effective control strategies still 
elude growers. 
Causal organisms 
S. scabiei is the predominant species causing common scab disease of potato tubers 
(Goyer and Beaulieu 1997; Leiner et al. 1996; Park et al. 2003b). In addition to S. 
scabiei, common scab or other scab-like diseases of potato may be caused by several 
other soil-dwelling plant pathogenic bacterial species in genus Streptomyces 
(Driscoll et al. 2007), including S. turgidiscabies (Miyajima et al. 1998), S. 
acidiscabies (Bonde and Mcintyre 1968); (Lambert and Loria 1989b ), S. caviscabies, 
S. europaeiscabiei and S. stelliscabiei (Bouchek-Mechiche et al. 2000a), S. 
luridiscabiei sp. nov., S. puniciscabiei sp. nov. and S. niveiscabiei sp. nov. (Park et 
al 2003a). In 1926, Millard and Burr had already described 11 species of 
Streptomyces that caused a russet scab of tubers in the alkaline Red River valley soils 
of Minnesota and North Dakota (Millard and Burr 1926). These species were very 
similar to S. scabiei in symptoms (Bouchek-Mechiche et al. 2000a). Besides S. 
scabiei, more than 30 Streptomyces species have been described inducing common 
scab disease in potato, but in Tasmania, the majority of pathogenic bacteria are 
reported as the strains of S. scabiei (Wilson 1995). 
S. scabiei is an aerobic, filamentous bacterium which is saprophytic in nature and can 
survive for decades in soil and (or) plant residues (Kritzman and Grinstein 1991 ). It 
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consists of slender (about 1 micrometer thick), branched mycelium with few or no 
cross walls (Agrios 2005). It is a gram-positive species of filamentous prokaryotic 
bacteria (Lorang et al. 1995), and is both wide-spread in soil (Pavlista 1996) and as a 
seed-borne pathogen (Kobayashi et al. 2005; Loria et al. 1997; Wang and Lazarovits 
2005). 
Host range 
Due to its opportunistic habit, Streptomyces has a very wide host range and the 
pathogen can survive as spores or mycelium within plant debris for decades 
(Kritzman et al. 1996) without any potato cultivation in the soils (Pavlista 1996). In 
addition to the potato tubers, common scab infection has been reported on many 
other root and tuber crops such as carrot (Daucus carota L.), radish (Raphanus 
sativus L.), turnip (Brassica rapa L.), groundnut (Arachis hypogaea L.) and salsify 
(Tragopogon porrifolius L.) (Hoffmann 1991; Janse 1988; Hanson and Lacy 1990; 
Levick et al. 1985; Tashiro et al. 1990; Kritzman et al. 1996; Jones 1953; Bouchek-
Mechiche et al. 2000a; Embleton et al. 2004; Agrios 2005; Pasco et al. 2005). 
Fibrous roots of seedlings including soybean (Glycine max Merr.), pea (Pisum 
sativum L.), wheat (Triticum vulgare Vill.) and radish (Raphanus sativus) may also 
be infected (Hooker 1949). Shoot growth of seedlings of some of the crops like 
radish, alfalfa (Medicago saliva L.), cauliflower (Brassica oleracea L.), colza 
(Brassica napus L.) and turnip (Brassica rapa var. rapa) have also been found 
inhibited by S. scabiei (Leiner et al 1996). Probably due to the toxic effects of the 
phytotoxin thaxtomin produced by the pathogen, various other monocotyledonous 
and dicotyledonous crops also have been repo11ed to display scab like lesions when 
artificially inoculated with S. scabiei (Leiner et al. 1996). 
Mode of entry 
In general, one or all of the natural openings in the plant or plant parts such as 
stomata, hydathodes, lenticels and nectaries serve as potential ports of entry for 
bacterial pathogens (Ramos et al. 1992; Rich 1983; Strange 2003). To infect a tuber, 
Streptomyces must breach the periderm or enter through the natural openings or 
existing wounds (Raymer et al. 1990). Fellows (1926) found stomata at the apex of 
scabbed tubers that were coloured brown, like newly infected lenticels, and assumed 
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them to be infected but were not able to detect mycelium and reproduce the symptom 
artificially on detached inoculated tubers. Labruyere (1971) also could not detect 
stomatal infection in his studies. There is therefore no convincing evidence at present 
of S. scabiei infecting through stomata. 
Streptomyces has been suspected to infect through periderm despite evidence of the 
capacity of bacteria to break intact epidermis being very limited in the literature 
(Wood 1967). Both S. ipomoeae and S. scabiei hyphae have been reported to directly 
penetrate the tuber periderm and infect potato tissue (Clark and Matthews 1987; 
Darling 1937; Loria et al. 2003). Darling (1937) concluded from his studies that the 
lenticels were the chief avenue of infection, and that common scab resistance or 
susceptibility was not necessarily associated with periderm structure. In contrast, the 
quick replacement of epidermis by the periderm layer with a suberised phellem cell 
layer has been proposed as a mechanism for periderm resistance to infection 
(Fellows 1926). As long as the periderm is suberised, undamaged periderm is 
thought to be resistant to penetration by pathogens, but tuber lenticels may still serve 
as portals of entry to the disease organisms (Lulai 2001 ). Periderm itself is 
specialised as a protective layer Lu prevent rapid water loss from the thin-walled 
parenchyma of the tuber and to impede the ingress of various soil pathogens 
(Peterson et al. 1985). 
The evidence available in the literature supports the importance of lenticels as a 
means of entry for Streptomyces sp. Infection through lenticels has been reported to 
occur in young, rapidly expanding tubers (Lapwood and Hering 1968; Adams and 
Lapwood 1978). Structurally, lenticels are differentiated portions of the periderm 
with a loose arrangement of cells called filling cells with intercellular spaces (Aronen 
and Haggman 1994). These filling tissues are full of rounded cells which give rise to 
a high proportion of intercellular spaces (Romberger et al. 1993). If the penetration 
of tubers by the pathogen occurs through lenticels, the pathogen may grow 
intercellularly between the filling cells of the developing lenticels (Adams and 
Lapwood 1978) resulting in cell death which then provides substrate for the pathogen 
(Agrios 2005). 
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Disease cycle 
Streptomyces pathogen spreads from place to place by splashing water droplets while 
irrigating or due to the rainfall, wind, infected seed tubers and farm equipment. It is 
an efficient saprophytic bacterium that can over-winter either residing in the soil or 
on the surface of the tubers or crop residues. The pathogen has branched vegetative 
mycelium (Figure 2.2). Sporangenous hyphae develop into corkscrew-like spiral 
chains and break into individual spores and when these spores come into contact with 
a suitable host they germinate and the infection process begins if the environment 
favours it (Driscoll et al. 2006). Lenticels are thought to be the major entry routes 
for the invasion, but the pathogen is suspected of also taking advantage of any open 
wound on the surface of the potato tuber (Lapwood and Adams 1973). 
After penetration into the tuber, the pathogen starts to grow through peridermal cell 
layers causing the cells to die and the bacterium then feeds on them saprophytically 
(Agrios 2005). Wound periderm may form around the perimeter of the infection 
zone. The pathogen may then penetrate this wound periderm, which results in a 
second or third wound periderm layer being formed and allows large scab lesions to 
tlevelop (Lapwood 1973; Agrios 2005). 
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Figure 2.2: Disease cycle of the common scab of potato caused by S scabiei (from Agrios 2005). 
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Disease Symptoms 
Common scab disease symptoms are always quite variable (Driscoll et al. 2007; 
McKee 1958; Powelson et al. 1993). Typical symptoms are characterised as corky 
lesions on the tuber surface, which may be superficial, raised or sunken (Labruyere 
1971; Goth et al. 1995; Loria et al. 1997). Early symptoms appear as necrosis around 
the infection site (Fellows 1926) and lesions subsequently develop to a corky 
appearance due to the suberisation of surrounding tuber tissue (Lacey 2000). Mature 
lesions are circular, may be irregular and often coalesce and change to rough in 
texture and tan to dark brown in colour (Loria 2001 ). On the fibrous roots of potatoes 
and of other plant species if infected the pathogen causes local necrosis or reduced 
root growth (Hooker 1949). 
The type of lesion is determined by the resistance of the potato variety to common 
scab, the aggressiveness of the Streptomyces species, the soil pH and moisture level 
in the soil (Nunez 2004; Kobayashi et al. 2005) and physiological maturity of the 
tuber at the time of exposure (Loria 2001). Sometimes the lesions appear as 
numerous russeted areas almost covering the tuber surface or they may appear as 
slight protuberances with depressed centres covered with corky tissue (Agrios 2005). 
Deep-or shallow-pitted corky lesions on the tuber surface characterize common scab, 
which may be superficial, raised or sunken around the lenticels (Jones 1931; 
Labruyere 1971; Goth et al. 1995; Loria et al. 1997; Bouchek-Mechiche et al. 
2000b) (Figure 2.3). Usually roughly circular, raised, tan to brown, corky lesions of 
various sizes develop randomly across the tuber surface (Powelson et al. 1993) and 
then develop as raised water-soaked areas. Later, the spots usually enlarge, coalesce 
and become corky, measuring up to 3 to 10 mm deep within infected tubers (Wilson 
1995) and 3 to 5 mm in diameter around the lenticels (Smith and Ramsey 1947) 
(Figure 2.3). The pitted lesions tend to be darker in colour than periderm tissue and 
are surrounded by straw colour translucent tissues 
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Figure 2.3: Typical symptoms A) superficial, B) raised, and C) deep-pitted les ions of common scab 
disease as induced by pathogen Streptomyces scabiei (from Loria et al. 1997). 
Fellows (1926) mentioned necrosis around the infection site as the first disease 
infection symptom followed by colonization of the pathogens. Depth of the lesion is 
related to soil conditions and cultivar (Hooker 1981) and also the invasion of scab 
lesions by insects (Agrios 2005). Though scab symptoms are usually first noticed late 
i11 the growi11g season ur al harvest, tubers are u ceptible to infection as soon as they 
are formed in the stolons (Lapwood and Adams 1975). Hooker et al. (1950) have 
noted necrotic symptoms on roots and stolon of affected plants but no visible 
disease symptoms are observed on aerial parts of the potato plant (Smith 1968). 
Disease control 
To control common scab disease several methods have been used, including use of 
varietal resistance (Bjor and Roer 1980; Pemberton 1994), excess irrigation during 
tuber formation (Weinhold and Bowman 1968 ; Lapwood and Adams 1975; Adams 
and Lapwood 1978; Wilson et al. 200 I), chemical treatments of the soi l using 
gypsum and sulphur (Davis et al. 1974; Pavlista 2008), application of green manures 
(Rouatt and Atkinson 1950), crop rotation (Hooker 1990), organic amendments 
(Weinhold and Bowman 1968; Huber and Watson 1970), chemical control (Hooker 
1990, uget 1956), soil fumigation (Hooker 1990), low soil pH (Hooker 1990; 
Lambert and Manzer 1991 ), and use of a bio-fertilizer (Hayashida et al. 1989). 
However, due to the complexity of this disease and presence of large variations in the 
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host itself (Loria 2001 ), presence of causal organism in the soil, number of potato 
crops produced in a field, potato cultivars grown and environmental factors such as 
soil temperature, soil moisture, soil reaction responsible to boost the pathogenic 
populations, no single measurement practice has been able so far to provide complete 
control (Powelson et al. 1993; Loria 2001). 
In addition, most of the control measures are either costly to the growers, not 
environment friendly or not sufficiently effective against this disease. In the line of 
disease control, host resistance has been considered as the most effective tool in plant 
disease management (Wilson 1995). Therefore, a thorough understanding of host 
resistance and host-pathogen interaction in the tubers is necessary for development of 
an effective and sustainable control measure against this disease. 
Host resistance 
Host resistance mechanisms against pathogen infection include a variety of 
constitutive and induction responses including the hypersensitive response 
(disorganization and granulation of cell cytoplasm at the site of pathogen attack), 
increase in active oxygen and oxidative enzyme activity, synthesis of phytoalexins 
and cell wall modifications (Hammerschmidt and Nicholson 1999). Cell wall 
modifications include local cell wall thickening and reinforcement, encapsulation of 
the penetrating pathogens in dead and often lignified and suberised cells, and even 
forming the new layers of cells around the site of attempted microbial ingress 
(Moerschbacher and Mendgen 2000). 
Both structural/functional resistance to penetration by pathogens and biochemical 
resistance of potato tuber tissues to infection have been suggested in the literature. 
Interactions between chemical composition of the tuber tissues (sugar in the peel) 
and the susceptibility to the common scab disease have been reported (Goto 1981) 
but information on host resistance against common scab disease through structural 
resistance functions is very limited. Lenticel morphology has been noted as one of 
the key determinants of common scab disease resistance on potato tubers (McKee 
1958, 1963). Lenticels in scab resistant cultivars were reported to be relatively small, 
set either deep into the skin of the tuber or covered by vestiges of the imperfectly 
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ruptured cork rind and usually with a dense accumulation of parenchyma, whereas in 
susceptible cultivars, lenticels were larger and not well protected, and contained 
more loosely massed parenchyma cells which was considered likely to facilitate 
disease infection in the tubers (Lutman 1914, cited by Gouws 2006). 
Though there are relatively few resistant, or at least highly tolerant, cultivars 
commercially available, all cultivars still develop scab if pathogen-populations 
densities are high and soil conditions favour the disease (Loria 2001). A significant 
degree of disease control can be achieved through selection of resistant cultivars 
(Bjor and Roer 1980) however; with a significant variety x environment interaction 
potato varieties vary considerably in response to scab (Goth et al. 1995). Common 
scab resistance in potato tuber is a varietal characteristic that could be influenced by 
environmental factors such as weather during tuber initiation and early growth of the 
tuber (Domkarova et al. 2007). 
Structural properties of potato plants have been shown to be linked to resistance to 
infection by other major potato pathogens. Zhang et al (1991) documented reduced 
lenticel density, thicker epidermis layer, more cell layers in the periderm, and 
intensive suberization in lenticel tissues in potato cultivars resistant to Erwinia 
carotovora subsp. carotovora. Low lenticel number in cultivars resistant to tuber 
infection by P. infestans has also been documented. A positive correlation between 
susceptibility and periderm layer thickness was also shown, with cultivars resistant to 
P. infestans having a greater number of periderm layers (Mahajan et al. 2004). 
Lenticel features have also been linked to disease resistance in other crops. A 
positive correlation between lenticel structure and disease resistance was found in 
apple cultivars (Liu et al. 2003; Li et al. 2004). Susceptible apple cultivars had an 
open type of lenticel with no filling cells while resistant cultivars had closed lenticels 
with filling cells below. Increased periderm thickness has been described in disease 
resistant sweet potato tubers (Bajit and Gapasin 1987) and on grapes (Gabler et al. 
2003). The role of periderm in common scab disease resistance is, however, not well 
defined (Tegg 2006). While the evidence linking tuber structural attributes to disease 
susceptibility is not strong, it is sufficient to warrant further investigation. 
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Conclusion 
Common scab causes significant losses to the potato industry throughout the world. 
The disease is mostly prevalent in neutral or slightly alkaline soils, especially during 
relatively dry years (Tashiro et al. 1990). The scab lesions extend up to 10 
millimetres deep in the tuber and sometimes appear as numerous russeted areas that 
almost cover the tuber surface or as slight protuberances with depressed centres 
covered with corky tissue (Agrios 2005). Among all the natural openings present in 
the tubers, the lenticels of young, rapidly expanding tubers are believed to be the 
most likely site of infection by pathogenic strains of Streptomyces sp. The unusual 
filamentous prokaryotic nature of the Streptomyces pathogens, and large variability 
existing in the host susceptibility and pathogen virulence, has made control of this 
disease very difficult (Wilson 1995; Loria et al. 2003). An improved understanding 
of the infection process may aid in the development of more effective management 
strategies. 
The significance of tuber structures, and particularly lenticels, as the route of 
pathogen entry in potato tuber have been widely reported in the literature, but very 
fow studies have examined the possible links between structure and susceptibility to 
infection. Most common scab infection studies have examined aspects such as 
detection and quantification of the pathogen, phytotoxin (thaxtomin) production by 
the pathogen, the genetic basis of pathogenicity and soil characteristics related to 
disease incidence. Host resistance has been concluded to be the best and easiest 
approach to management of common scab (McKee 1958; Anonymous 1990; Goth et 
al. 1995; Driscoll et al. 2007), but knowledge of the role of structural features of the 
tubers or bio-chemical factors in tuber susceptibility is very limited. Therefore, this 
project addressed this deficiency through a series of experiments examining host-
pathogen interaction, lenticel formation pathways in the tubers, relationships between 
structures (lenticels, stomata, and periderm) and disease infection, and pathogen 
induced structural changes occurring in the tuber. 
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Chapter 3 
General Materials and Methods 
This chapter describes the planting materials, cultural practices and laboratory 
methods common to the series of laboratory, glasshouse and field experiments 
carried out in the project. In addition, the statistical procedures used in the thesis are 
also described. Methods unique to specific experiments are described within the 
materials and method sections of the relevant chapters. A brief summary of the main 
experimental work done in the project is listed in Table 3.1. 
Table 3.1: Overview of main experiments 
Mam expenments (Chapter Environment Start date End date Brief descnpt10n 
No) 
Vanahons m tuber structures I Farmers' field Nov05 Jan 06 Fam1hanzahon with main project, 
(Chapter 4) potato crop & farmers' field 
cond1t10ns 
W1thm paddock and cult1var 
vanat1ons m tuber structures 
2 Glasshouse June 05 Aug05 Fam1lianzat1on with glasshouse 
Sep 05 Dec 05 systems 
Assess the vanat1ons m tuber 
structures under glasshouse 
cond1t1ons 
--Lent1cel development 1 Hydropomcs Jun 05 Nov05 Fam1hanzahon with hydropomc 
(Chapter 5) 2 Hydropomcs Jun 05 Nov 05 systems 
Development of key parameters for 
future hydropomc tnals 
Assess lent1cel development pattern 
at the earlier stage of the tubers 
Disease mfect10n wmdow 1 Glasshouse Feb 05 Jun 07 Method development 
(Chapter 6) 2 Glasshouse Jan 08 Jun 08 Common scab disease mfection 
3 Glasshouse Jan 07 May07 wmdow 1denhficahon under 
4 Glasshouse Jan 08 Apr 08 glasshouse cond1t10ns 
Relationships between 1 Glasshouse Jun 05 Nov 05 Structure/scab relat10nsh1p study 
structure and mfect1on 2 Farmers field Jun 05 Nov 05 
(Chapter 7) 
Pathogen mduced structural 1 Glasshouse Jan 07 May 07 Common scab pathogen moculat1on 
change (Chapter 8) 2 Glasshouse Feb 08 Aug08 m the tubers under glasshouse 
3 Glasshouse Jan 08 Aug08 conditions and its mduced response 
m the tuber structures 
Planting material 
A range of potato cultivars was used in the project. The cultivar Desiree was used in 
all trials and was selected based on its documented susceptibility to common scab 
infection (Park et al. 2002; Pasco et al. 2005). Other cultivars were selected based on 
their importance to the local industry as well as documented levels of susceptibility 
to common scab. Potato cultivars Shepody and Desiree were used in the field trial. 
Cultivars Nicola, Desiree and Russet Burbank, were used in glasshouse pot trials 
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while cultivars Russet Burbank, Shepody, Bintje and Desiree were used in 
hydroponic trials. Unnamed cultivars from a breeding program targeting common 
scab resistance were used in glasshouse and hydroponic trials. The cultivars were 
designated clones A44, A19, Al5a (derived from Desiree) and clones A365, A380, 
TC9G (derived from Russet Burbank). Field trials utilised certified seed tubers; 
glasshouse trials utilised seed tubers and/or tissue culture plantlets derived from 
disease free stock. Hydroponic experiments utilised tissue cultured plantlets only. 
Glasshouse trials involved planting uniformed sized, regularly shaped certified seed 
tubers or tissue cultured plantlets in potting mixture. In each pot, depending upon the 
nature of the experiment, either well sprouted seed tubers or plantlets of about 8 to 
10 cm height were planted. Tissue cultured plantlets for the initial hydroponic 
experiment were obtained from Agronico Technology Pty Ltd, Devonport, 
Tasmania. Potato plantlets for all other glasshouses and hydroponic experiments 
were obtained from the Tasmanian Institute of Agricultural Research laboratories at 
New Town, Tasmania. Plantlets were produced through single-node cuttings, 
containing one leaf and a lateral bud, excised from plantlets and placed under aseptic 
conditions in vessels containing Potato Media Solution (PMS). The media contained 
Murashige and Skoog (MS) basal medium (Murashige and Skoog 1962), 3% sucrose, 
0.05% casein hydrolysate and 0.004% ascorbic acid. Before transplanting, plantlets 
were hardened under glasshouse conditions for 2 days. While planting, the plants 
were removed from the containers and roots were washed in water to remove the 
media and planted either in tray of hydroponics trials or in the potting mixture. 
Field Trial 
Twelve field sites were planted in Tasmania during the 2005 crop season in 
commercial production locations near the towns of Cressy, Campbell Town, Ross, 
Sassafras, Deloraine, Latrobe, Abbotsham, Gawler and A voca. The planting dates of 
all sites were between the gth and 22nct of November, 2005. At each site, well-
sprouted potato tubers of cultivars Shepody and Desiree were planted in marked 
plots. Seed from the same two seed lots were used at all trial sites so that the effects 
of location on plant development and disease incidence could be investigated. Plant-
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to-plant spacing was maintained at 50 cm and row-to-row distance at 75 cm. All 
cultural practices used in the commercial crops were also applied to the trial plots. 
Glasshouse experiments 
All glasshouse experiments were undertaken at the Horticultural Research Centre of 
University of Tasmania in Hobart (42.9 °s, 147.3 °E). For plants grown from seed 
tubers, Easilift® planter bags with the capacity of 35L were used and for plants 
grown from tissue cultured plantlets, SL (200m x 200m) plastic pots were used. Each 
unit of potting mix comprised of 4 parts of composted pine bark to 1 part coarse sand 
(by volume) containing Osmocote Plus (3 kg/m3), a slow release fertilizer with 
16N:3.5P:10K+l.2Mg plus trace elements of S, B, Fe, Mn, Mo, Zn and Cu, and 4 
kg/m3 dolomite at 4kg/m3, FeS04 at 0.75kg/m3 and Wettasol granules at 0.75kg/m3. 
The pH was adjusted to 5.8 and electrical conductivity (EC) was 1.3. 
A soluble fertiliser (Miracle-Gro® Water Soluble all purpose plant food, 15-13.1-
12.4 NPK, Scotts Australia Pty Ltd.) was applied at 3 to 4 week intervals at the rate 
of 60 ml per 10 litres of water or 100 ml per plant as a top dressing. Water was 
provided as required according to the prevalent conditions and the treatments 
imposed in the experiment. 
White flies (Trialeurodes vaporarioum) were the major pests in the glasshouse and 
were controlled by spraying with Neemtech at 300ml/10litres. In addition, the white 
fly parasites Encarsia formosa were introduced as a biological control measure and 
changed at every 3 weeks up to the senescence of the plants. To control minor 
powdery mildew symptoms, 2 g/L of wettable sulphur (active constituent 800g/kg 
Sulphur; Manutec, Cavan SA) was applied as a fine spray to foliage. 
Hydroponics 
A nutrient film technique (NFT) with recirculated nutrient solution was set up in a 
glasshouse at the Horticultural Research Centre of the University of Tasmania in 
Hobart. Six trays made from white polymer coated steel were used with each having 
dimensions 180x30x5 cm length, width and depth, respectively. To facilitate solution 
flow, the trays were held at a 4° angle. A coated steel lip extended inwards from one 
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side on the top of each tray (Figure 3.1). Nine holes, 20 mm diameter, were made at 
intervals of 20 cm along each steel lip and one tissue cultured plant was planted in 
each of the holes. A layer of capillary matting (Sage Horticultural Victoria, 
Australia) was laid down on each tray. To protect roots, stolons and tubers from 
direct light and maintain humidity, the trays were covered with a two coloured (black 
in one side and white in another) opaque polyethylene film attached to the tray lip on 
one side and pegged to the other side of the tray which facilitated access to the tubers 
on the mat. 
Nutrient solution was prepared in one 100-litre food grade plastic drum placed below 
the lower end of the trays. Six (one per tray) Rio-2100 submersible pumps (TAAM 
Inc, USA) were submerged in the nutrient solution to pump to the higher end of the 
tray. Thirteen millimetre diameter black polyethylene pipes were used for external 
flow of the nutrient and to pass the solution into the tray from main pipe, a small 
piece of 5 mm pipe was inserted. A commercially available nutrient salt mixture 
(Culture-S ACCENT) was used to prepare nutrient solution. 
Polyethylene Film 
l. -------·c::=1~ 
/~ - ----------
Nutrient 
Solution 
Figure 3.1: Schematic diagram ofNFT hydroponic system 
Matting Rooting 
The stock solution was diluted 100 times, adjusted to pH 5.8 using 5% KOH and 
then added to the hydroponic system following Yang (2004). Total nitrogen 210 
ppm, phosphorous 60 ppm, potassium 330 ppm, calcium 170 ppm, magnesium 50 
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ppm, sulpur 65 ppm, iron 6.0 ppm, manganese 2.0 ppm, born 0.3 ppm, copper 0.06 
ppm, zinc 0.06 ppm and molybdenum 0.007 ppm were in the final solution. 
The nutrient solution was maintained at a pH of 5.8 to 7 for common scab related 
experiments from the day of stolon formation. Electrical conductivity was 
maintained at 2.0uS/cm by an automated NutriDose monitoring system (Autogrow 
Systems Ltd., New Zealand). Nutrient solution was replaced with fresh solution on a 
regular basis. During experimentation, glasshouse temperature was thermostatically 
maintained between 15 °c and 25 °c. 
Tuber size measurements 
Tuber initiation was defined as the date when the tip of the stolon swelled to more 
than twice its usual diameter, as described by Lapwood et al. (1970). Complete 
separation of the node (eye) from the apical bud complex, or sufficient internode 
tissue formed to make the eye appear as a separate structure (Lapwood et al. 1970) 
was used as the criteria to define an expanded internode of the tuber. Measurements 
were made of the tuber length, diameter and number of expanded internodes on 
sampled tubers. 
Based on the shapes of the tubers, surface area was approximated as an ellipsoid, 
spherical and round function following Meredith (1989) using the formulae: 
1. for ellipsoid, surface area (SA)= 2*nw2+(2n(z2/2)(w2)/"(l212)·(w2)sin-1["(z2/2)-
w2]/(z2/2); 
2. for spherical, SA= 4nr2, where r=(l+w+b)/6, and 
3. for perfectly round tubers, SA = nz2 
In all the cases l was the overall length of the tuber along the stolon axis from stem 
end to bud end, w as a maximum width of the tuber, generally intermediate in 
magnitude of dimensions in the three axes, bas the maximum thickness of the tuber, 
which lies approximately vertical in the mat (Meredith 1989). 
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Common scab disease assessment 
The incidence and percentage of scab on the surface of each tuber was estimated 
using the method of Richardson and Heeg (1954). 
0 = no disease 
Yi=0-1% 
1=1-5% 
2 = 5 - 10% 
3 = 10 - 30% 
4= 30 - 50% 
5= 50-70 % 
6= 70-100% 
Where analysis of data required an average plant or pot score and there was more 
than one tuber per pot an average incidence and/or percentage scab was calculated 
using the formula below: 
((#CATO x 0) + (#CATYi x Yi) + (#CATl x 1) + (#CAT2 x 2) + (#CAT3 x 3) + 
(#CAT4 x 4) +(#CATS x 5) + (#CAT6 x 6)) I (TOTAL TUBER NUMBER) 
Scab lesion severity was assessed using the modified rating scale of Bjor and Roer 
(1980) whereby the most severe lesion on an individual tuber was rated as: 
0 = no disease 
1 = superficial or slightly raised lesions < 1 mm deep 
2 = lesion > 1 mm <2mm deep 
3 = lesion >2mm <3mm deep 
4 = lesion >4mm deep 
Pathogen culture and inoculum preparation 
In order to prepare Streptomyces scabiei pathogens (strain G#32) in the laboratory, a 
highly pathogenic and high thaxtomin producing strain, initially isolated and purified 
in 1990 from a common scab diseased tuber from the NW-coast of Tasmania, was 
cultured and maintained on ISP2 (Appendix 2) agar slopes as described by Tegg 
(2006). 
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Inoculum was prepared with spores from a two-week-old slope culture of S. scabiei 
which was then suspended in 5 ml of sterile water, added to a sterilized mixture of 
100 g vermiculite and 500 ml SAY solution (Appendix 2) and incubated at 24°C in 
the dark for 14 days. The observance of grey powdery coating (S. scabiei spores) 
over the vermiculite mixture or masses of mature white colonies in the media plates, 
was indicative of good colonization of the substrate and therefore a suitable 
inoculum mix ready for use. 
When applied at potting up inoculum was incorporated into the soil and thoroughly 
mixed. When utilised in specific infection window treatment studies the inoculum 
was mixed with the potting soil three days prior to application. This inoculated 
vermiculite-potting soil (1: 1) mixture was wetted and maintained in dark conditions 
to encourage colonization and even distribution of the pathogen through the mix. 
Statistical Analysis 
ANOV A, analysis of the data was undertaken using SAS statistical software versiuu 
package 9.1 (SAS Institute Inc., Cary USA, 2002-2003). Significant differences 
between treatment means were assessed using Fisher's LSD (least significant 
difference) (Steele and Torrie 1981). Regressions were undertaken using PROC 
GLM and PROC REG functions in SAS. PROC MEANS function within SAS was 
used for analysis of paired data. 
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Chapter 4 
Variations in lenticel number and other tuber structural features 
Introduction 
Morphologically, a potato tuber is a swollen modified stem that under ordinary 
circumstances initiates at the tip of either a primary or lateral stolon (Allen and Scott 
2001; Ewing 1990). It possesses rudimentary leaves subtending axillary buds, 
shortened internodes, and a radially expanded stem axis (Artschwager 1924; Cutter 
1978). The major structures visible externally on a potato tuber are the skin 
(phellem), which may be smooth or russetted, and eyes (scale leaf and axillary buds), 
and lenticels (usually visible as small pale dots on the tuber surface). The eyes are 
more closely spaced towards the apical end of the tuber (rose end) (Cutter 1992), and 
more widely spaced towards the end of the tuber attached to the stolon (heel or stem 
end) (Peterson et al. 1985). Each eye is a stem node (Adams 1975a) and the axillary 
buds in the nodes may develop as sprouts. The eyes are arranged in the same spiral 
phyllotactic pattern characteristic of buds on an aerial stem (Peterson et al. 1985). 
The internodal tissues existing in growing tubers towards the apical end bear stomata 
and as these tissues get older, lenticels are formed (Artschwager 1924 ). 
Thickening of the first expanding internode, which is often the eighth internode 
proximal to the apical meristem of the stolon (Cutter 1992), has been considered as 
the first indication of tuber formation (Plaisted 1957). Subsequent tuber growth 
generally involves expansion of already existing internodes rather than initiation of 
further nodes and internodes, although further nodes may form at the apical end of 
the tuber but with little internode expansion. Internode expansion follows a 
sequential pattern. Initially, only one internode is involved in the swelling of a 
developing tuber, but as the tuber ages a second internode, distal to the first, expands 
followed by further internodes towards the apical bud (Cutter 1992). Greater 
expansion generally occurs in the first two internodes (most distal to the apical end 
of the tuber), resulting in wide spacing of eyes on a tuber at the stem end and close 
spacing at the apical end. 
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Tuber initiation on different stolons in a plant is not synchronous, and a hierarchy of 
tuber formation, survival and size has been shown (O'Brien et al. 1998). 
Considerable variability in size and morphology also exists between potato cultivars 
as well as between tubers from same cultivar. The factors involved in these 
variations are not fully understood, however it has been suggested that tubers are not 
equally affected by increasing competition for resources within the plant, and thus 
the variability in tuber size and tuber structural features may develop (Allen and 
Wurr 1992). If there is a structural component to tuber susceptibility to infection by 
pathogens such as common scab, then variability in the structure within and between 
crops may contribute to differences in disease incidence. 
Tuber Structure and Disease 
Potato tubers possess a number of different external structures. These structures play 
different roles in the potato tuber and are also involved in the disease infection 
process. Similar structural features have been shown to be involved in disease entry 
in other plant organs. A positive correlation between lenticel density and disease 
incidence has been found in apples (Li et al. 2004; Liu et al. 2003) and sweet potato 
(Bajit and Gapasin 1987). In apple cultivars resistant to rough bark disease, (Li et al. 
2004) found closed type lenticels and numerous filling cells beneath them. In 
contrast, susceptible cultivars contained open type lenticels and few filling cells 
within the lenticels. 
Streptomyces scabiei, a bacterial pathogen that causes the disease common scab in 
potato, has been postulated to infect tubers predominantly through lenticels in young, 
rapidly expanding tubers (Adams and Lapwood 1978). However, stomata in the 
epidermis/periderm layer of the potato tuber have been noted as another route by 
which the pathogen may enter the tuber (Fellows 1926; Goodman et al. 1987; Ramos 
et al. 1992; Rich 1983), and direct penetration by the pathogen though the periderm, 
has been suggested (Loria et al. 2003). While the periderm, lenticels and stomata are 
possible entry points for Streptomyces scabiei, the contribution of variability in these 
structures within and between tubers to susceptibility to common scab has received 
very little attention. The role of external plant structures in influencing the invasion 
rate of pathogens should not be overlooked as a potential advantageous factor in 
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plant defences against pathogens (Agrios 2005; Goodman et al. 1967; Guest and 
Brown 1997). 
The potato is susceptible to a great number of bacterial, fungal, viral and 
mycoplasma diseases, some of which are of worldwide importance whereas others 
are of more localized significance (Destefano-Beltran et al. 1990). To cause 
infection, all of the disease pathogens must establish the relationship with their host 
cells first and enter through the structures such as stomata, the lenticels, or through 
an existing wound or by creating an entrance through the phellem layer (Ramos et al. 
1992; Raymer et al. 1990). In the case of Streptomyces, infection takes place only on 
actively growing tubers or parts of tubers mainly during the tuber initiation and early 
tuber enlargement stage (Adams 1978; Lapwood and Hering 1968; Lapwood and 
Hering 1970; Richardson 1952), and not on mature potatoes (Fellows 1926). As it is 
more likely to occur soon after lenticels are formed from dividing cells and therefore, 
these structures are considered as the key features for the infection (Adams 1975a; 
Adams and Lapwood 1978; Agrios 2005; Loria 2001). While entry through lenticels 
is widely accepted in the literature, conclusive evidence of this pathway has not yet 
been presented. Based on these arguments, either of one or all of the structures 
above-mentioned (such as stomata, lenticels, or phellem layers) could be the entry 
routes to the Streptomyces pathogens. 
Stomata 
Stomata, meaning "mouth" in Greek, are tiny openings or pores found mostly on the 
underside of a plant leaf or on stems/modified stems (Noggle and Fritz 1983). The 
stoma differs morphologically from the typical epidermal cells (Huang 1986) and 
play an important role in plants through transpiration and photosynthesis functions 
(Salisbury and Ross 1991 ). 
Potato plants contain stomata located in the epidermis or surface layer of the leaves 
and on stolons and growing tubers (Artschwager 1924; Adams 1975a). As with other 
structural features in the plants, a large variation occurs in the size, number, density 
and distribution of stomata in potato leaves, and this variation is influenced by crop, 
cultivar and growing environment. Few if any studies have examined stomatal 
frequencies in potato tubers. Noggle and Fritz (1983) reported stomatal frequency in 
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potato as varying from leaf to leaf on the same plant and even in different parts of the 
same leaf. They concluded that stomatal frequency was influenced by moisture and 
light intensity. 
Studies of other plant species have identified different factors affecting stomatal 
frequency. Woodward (1987) suggested that as C02 in the environment increased, 
the number of stomata decreased. (Pazourek 1970) found stomatal frequency 
decreasing with the decreasing light intensities on Iris. Wide variation in stomatal 
density has been reported in different species, for example, Martin and Juniper, 
(1970) counted 3 7 stomata per square millimetre on the abaxial leaf surface of Oxalis 
acetaosella, whereas Meyer and Meola (1978) found 176 on Pistacia palaestina, 25 5 
on Pistacea lentiscus, 261 on Styrax officinalis, 402 on Quercus calliprinos and 
1, 198 on Quercus lyrata. Salisbury and Ross (1991) reported each square millimetre 
of a typical leaf surface contained about 100 stomata, but with a maximum so far 
recorded of 2,230 (Howard, 1969, cited by Salisbury and Ross 1991) 20/mm2 on the 
upper surface and about 1 OO/mm2 on the lower surface, with an open pore size of 2 to 
6 µm. The published data therefore indicates that there is likely to be considerable 
variation existing in the size, number and density in stomata on leaves between 
cultivars and under different growing conditions, and suggests that similar variability 
may exist on stolons and tubers. 
Stomata have been mentioned as a possible infection route for Streptomyces scabiei 
(Fellows 1926; Lapwood and Adams 1973; Loria 2001; Loria 1991; Raymer et al. 
1990), but it has also been noted that the bacteria may enter the stomatal openings 
only if certain conditions like continuous films of water are available in them 
(Goodman et al. 1967). While no definitive evidence of infection through stomata 
has been published, the pathogens must establish the relationships with host cells to 
induce the disease and this generally happens through natural openings or wounds 
(Agrios 2005; Loria et al. 2003) so stomata cannot be ruled out as an entry site for 
common scab. 
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Lenticels 
The word lenticel is derived from the Latin word lentis; a name given because of the 
lenticular shape they commonly assume (Esau 1965; Romberger et al. 1993) and 
applied to the structures of the stem typically appearing as cell masses emerging 
from the periderm (Hamberlandt 1914). If viewed from the surface, lenticels appear 
as lenticular masses of loose cells, usually protruding above the surface through a 
fissure in the periderm (Esau 1965). They have been recorded on plant stems, roots, 
root nodules (Silvester and Harris 1989), flower stalks and some fruits like apples, 
pears, avocados and mangos (Esau 1965; Fahn 1989), and even on leaves (Neish 
1995). Herbaceous plants generally show lenticels mainly on their roots, aerial roots 
and also on tubers (Langenfield-Heyser 1997). 
Plants or plant parts use lenticels for gaseous exchange for photosynthesis, 
respiration and transpiration in the absence of stomata, and the structures are 
therefore essential macroscopic openings in the plant (Mauseth 1988; Michaels 
1935). In addition, lenticels have been considered to be the main entry points for 
several potato pathogens (Lapwood and Hering 1968; Perombelon 1974), including 
lhuse c.:ausiug c.:ummun sc.:ab (S. srnbiei (Thaxt.) (Fellows 1926), bacterial soft rots 
(Erwninia carotovora), (Smith and Ramsay 1947), powdery scab (Spongospora 
subterrance) (Kole, 1954), skin spot (Oosporapustlans) (Allen 1957) and late blight 
(Phytophthora infestans (Mont.) de Bary) (Lohnis 1925). 
Lenticels on potato tubers have been described as very tiny conspicuous lens-shaped 
pores, usually much smaller than a pinhead, and scattered in the periderm of the 
tuber. Described also as "pseudo wounds" by (Goodman et al. 1967) they differ from 
the adjacent non-lenticular periderm areas that consist of compact, highly suberized 
cells with extremely low permeability to water and gases (Schonherr and Ziegler 
1980). When seen under Scanning Electron Microscope (SEM), they usually look 
circular, forming a crater in the tuber surface and in the centre, there may be a raised 
plateau or domed centres of loosely packed cells (Hayward 1974). Pores are present 
between the cells in the centre, where gaseous exchange is thought to occur (Cutter 
1992). They usually keep enlarging with the increase in the circumference of the 
tuber and are essential for the gas exchange of the tuber since hardly any C02, 02 
and water can pass through the skin itself (Beukema and Vander Zaag 1990). 
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Lenticels are comprised of small areas of thin walled, loosely arranged cells with 
many intercellular spaces (Hayward 1974; Mahajan et al. 2004). Continuity of these 
intercellular spaces with interior parts of stem or root have been interpreted as 
evidence of a functional role in gas exchange through the pores (Esau 1965). 
Wide variations in lenticels have been observed with the influence of taxon, growth 
rate, developmental stage of the individuals, environmental variables such as 
orientation of the plant organ and moisture available during growth (Romberger et al. 
1993). The sizes of the lenticels vary considerably from structures barely visible 
without magnification to those up to 1 cm or more in length (Esau, 1965). In potato 
tubers, Eames and MacDaniels (1925, 1947) and Rastovski et al. (1987) also 
indicated that the number of lenticels per unit of tuber area was influenced by 
species, variety, tuber size, soil type and weather conditions during growth, but 
(Cutter 1992) considered moisture conditions in the soil during tuberization as the 
most important factor affecting lenticel number. 
Burton (1966) recorded a substantial variation in lenticel numbers for individual 
potato tubers within a cultivar, counting 70 to 150 lenticels per tuber in cultivar 
Golden Wonder. Scott et al. (1996) counted 36 to 270 in tubers of cultivar Home 
Guard, but the number per unit area declined with increased tuber size. Wigginton 
(1974) counted between 74 and 141 "effective lenticels", defined as 0.5 mm diameter 
and above, per tuber with a mean of 105 on cultivar King Edward. Nolte (2005) 
estimated approximately three lenticels per square centimetre of periderm or about 
75 to 150 per tuber. The wide range of lenticel number per tuber would be consistent 
with these structures contributing to tuber susceptibility to common scab infection. 
Epidermis/periderm 
A visible outer layer of cells in the stolon (including tubers from early stage also) 
where the tuber forms is called the epidermis (Peterson et al. 1985). Following 
tuberization, the epidermis is quickly replaced by periderm (Artschwager 1918, 
1924; Fellows 1926), a structure collectively applied to the tissues phellem, 
phellogen and phelloderm (Esau 1965; Romberger et al. 1993). Before the 
development of a periderm, the youngest tubers of approximately 1 cm or less in 
diameter, are covered with epidermis (Lulai 2001 ). Formation of the periderm starts 
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as tuber expansion proceeds (Rastovski et al. 1987), usually commencing at the stem 
end of the young tubers (Tyner et al. 1997). The meristematic cell layer on a 
developing potato tuber lying between phellem and phelloderm is called the 
phellogen, and adaxial derivatives of cell division in the phellogen are termed the 
phelloderm (Romberger et al. 1993). The newly formed cell layers located on the 
outer surface of the periderm, derived from the abaxial derivatives of phellogen, are 
referred to as phellem (Braue et al. 1983; Romberger et al. 1993). 
This epidermis/periderm structure is specialized as a protective layer to prevent rapid 
water loss from the thin-walled parenchyma (Eames and MacDaniels 1925). Though 
these structures have been considered to offer resistance to the entry of various 
pathogens (Peterson et al. 1985; Tyner et al. 1997) there are some reports suggesting 
plant-pathogenic bacteria are capable of penetrating unwounded or intact plant 
tissues (Huang 1986). Nieves-Brun (1982) reported that E. chrysanthemi pv. 
dieffenbachiae was able to infect apparently intact roots devoid of lateral roots. In 
the case of Streptomyces scabiei, (Loria et al. 2003) have reported direct penetration 
by the pathogen through the intact periderm of potato tuber, and Wood (1967) also 
suggested the possibility of direct penetration through periderm. 
Conclusion 
Detailed descriptions of the ontogeny and structure of the potato tuber are reported in 
several reviews including Artschwager (1918), Hayward (1938), Adams (1975a), 
Peterson et al. (1985), and Cutter (1992), but variations in development patterns 
between cultivars and under different environments are not well documented. As 
sufficient variation in structural features of potato tuber may be present to at least 
partially account for differences in susceptibility to infection and therefore 
differences in disease levels, examination of the development of tuber external 
structure is warranted. 
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Materials and Methods 
The work reported in this chapter consists of a series of experiments conducted 
during 2005-06 in 12 potato fields in the Northern midlands and the North-West 
coast of Tasmania, Australia, and in two glasshouse experiments at the University of 
Tasmania. The field experiments investigated variation in stomata, lenticels and 
expanded internodes caused by cultivar, experimental sites and stage of crop 
development, and glasshouse experiments assessed variations caused by planting 
depth, cultivar and date of harvest. Epidermal and periderm measurements were not 
undertaken as, based on the literature evidence, the natural openings of the stomata 
and lenticels were considered the most likely entry site for the pathogen. 
Variability studies in some of the tuber characteristics of field-grown potato, 
cv Shepody and Desiree as influenced by experimental sites 
Twelve field sites were planted in North-west coast of Tasmania with cultivars 
Shepody and Desiree during the crop season of 2005-06. Experimental plots were 
located in the middle of commercial potato crops. The planting dates of all sites 
varied from the second to third week of November, 2005 and harvesting was done at 
60 days after planting (DAP) at each site, a time period where tubers were initiating, 
developing and expanding. Eight plants of each cultivar were harvested at each site. 
The number of main stems, stolons and the number of tubers per plant were recorded 
at harvest. Large sized tubers (with surface area of >6.0 cm2), which were considered 
to be past their susceptible stage to common scab infection, were not selected for 
histological studies. All other tubers were collected, washed in water to remove the 
soil and fixed with FAA at harvest. The tubers were kept refrigerated until examined 
in the laboratory. 
A minimum of five representative tubers from each cultivar and paddock were 
selected, rinsed twice in running tap water to wash the fixative from the tubers and 
then used for laboratory studies. The length, width and breadth of each tuber were 
measured (in mm) using Vernier calibre, and with tuber shape defined as either 
spherical or ellipsoid, the total surface area was calculated. Details of size 
measurement methods are described in Chapter 3. While counting the number of 
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expanded intemodes per tuber, the oldest intemode next to the distal end was 
considered as the first intemode in the spiral phyllotactic pattern (Artschwager 
1924). 
Histological studies 
All sampled tubers were stained with 0.1 % (w/v) aqueous solution of Methylene 
Blue (Gurr's Methylene Blue). Following Wigginton (1973), the stained tubers were 
placed in a vacuum desiccator, covered and evacuated for 30 minutes. Tubers were 
then removed and rinsed twice with running tap water to remove excess stain from 
the skin. For the histological studies, the second oldest expanded intemode was 
excised from the tuber. The number of lenticels, stained blue, was counted in each 
sampled intemode. The inner portion of medullary zone was removed and using a 
transparent plastic graticule the number of lenticels per cm2 surface area was counted 
in ten randomly selected fields of view under light microscope (100 x magnification) 
to determine lenticel density. For the stomata, the same epidermis/periderm peel was 
utilized with measurements taken under 400 x magnifications. Following Smith 
(2004), the stomata and lenticel density was calculated as: 
1. Field of View of Olympus microscope (lOx) = 1,800 µm or 1.8 mm diameter 
2. 1.8 mm/2 mm = 0.90 mm radius 
3. Area= n(r2) = 3.1415(0.90)2 
=2.5446 mm2 
4. Density= stomata or lenticel number counted per area 
Variability studies in some of the tuber characteristics of field-grown potato 
cv Desiree as influenced by tuber sizes and experimental sites 
Four representative tubers were selected from each of three size categories; small (14 
cm
2), medium (28 cm2) and large (56 cm2) from 11 paddock sites. One site was 
excluded from the study as poor plant growth and high disease incidence reduced 
availability of larger tubers. Selected tubers were treated as described above at 
harvest. The size (surface area) of the sampled tuber, number of expanded intemodes 
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per tuber, size of the sampled intemode and percent surface area occupied by the 
sampled intemode in the tuber was measured or calculated. Histological procedures 
were followed as described above. 
For lenticel size measurement, a 3mm diameter cork borer was used to remove the 
stained blue lenticels and surrounding periderm from the tuber. Cores were trimmed 
to about lmm length and the peridermal layer containing lenticels was carefully 
peeled from the core using forceps under a dissecting microscope. All the stained 
lenticels were measured for their length and width under 1 OOx light microscopy with 
an ocular micrometer fixed in the eyepiece calibrated with a stage micrometer. 
Effect of different agronomic factors on some of the characteristic features 
of glasshouse-grown potato tuber 
To examine the variations in intemodes, stomata and lenticels as influenced by 
irrigation schedule, planting depth and cultivar, a glasshouse pot trial was established 
at the Horticultural Research Centre, University of Tasmania, Hobart. Thirty five 
liters planting bags 'vere filled with standard potting mixture and one tuber from each 
of three cultivars, Desiree, Nicola and Russet Burbank (3 tubers in total per bag) was 
planted in each bag on 11/10/2005. Four replicates of two planting depth treatments, 
tubers planted at 10 cm depth or at 20 cm depth and three irrigation treatments, daily, 
alternate day and weekly, were used. Irrigation treatments were applied from the day 
of plant emergence up to the day of harvest, and treatments were laid out in a 
completely randomized design. A further 4 replicates of each cultivar, planted at 
lOcm depth and irrigated daily, were maintained under glasshouse conditions until 
120 days after planting (DAP) to assess structural features in older tubers. 
Plants were harvested at 60 DAP and assessed for tuber size, number of expanded 
intemodes, and number and density of stomata and lenticels in three different 
intemodes. Harvest procedures and laboratory methodology were as described earlier 
for the previous experiments. 
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Data Analysis 
The results of the experiments were analysed using ANOVA. Analysis of the data 
was undertaken using SAS statistical software version package 9.1 (SAS Institute 
Inc., Cary USA, 2002-2003) in all the experiments performed. Significant 
differences between treatment means were assessed using Fisher's LSD. 
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Results 
Variability studies in some of the tuber characteristics of field-grown potato, 
cv Shepody and Desiree as influenced by experimental sites 
There were large differences in stomata and lenticel number and density for both 
cultivars between sites despite tuber size and age (all harvested at 60 DAP) being 
consistent across sites. For cultivar Shepody, average number of stomata ranged from 
0.4±0.4 to 19.2±10.4 per sampled intemode. Lenticel number was higher than 
stomata number, between 40±6.7 to 70.0±5.2, with most crops falling in a range 
between 40 and 60 (Table 4.1). However, due to large variation between tubers 
within sites (as evidenced by high standard error of means), only one parameter, 
lenticel density, was found to vary significantly (P<0.05) between sites. 
Table 4.1: Effects of experimental sites on number and density of stomata and lenticels on second 
intemode and number of expanded intemodes per tuber on cv Shepody. Data are means ± SE (n=5). 
The figures in italics indicate standard errors. 
Number Density (#/mm2) __ Internode 
Siles Tuber size (cm2) Stomata Lenticels Stomata Lenticels #/tuber 
4.1 0.6±0 6 43.4±7.6 0.008±0 008 0.45±0 05 4.4±0.4 
2 5.5 0.4±0 4 59.6±2.9 0.004±0 003 0.40±0.04 3.6±0 2 
3 5.4 19.2±104 65.8±11 1 0.13±0.07 0 44±0 OJ 4.4±0.4 
4 4.7 4.4±1 3 48.2±14.9 0.06±0.02 0.49±0.12 4.4±0.2 
5 5.2 10.2±6 8 52.0±7.2 0.13±0.09 0.64±0.09 5.6±0. 7 
6 5.3 2.8±1 5 51.4±7.2 0.02±0.01 0.37±0.06 4.6±0.4 
7 5.2 2.4±1 7 40.2±8 8 0.02±0.01 0.38±0 04 5.2±0 4 
8 4.5 9.6±2. 7 43.8±4.2 0.11±0 04 0.47±0 04 4.4±0 2 
9 4.2 7.8±2.4 64.2±14 5 0.07±0.02 0.53±0.08 4.8±0.2 
10 4.8 2 0±18 40.0±6.7 0.02±0 02 0.32±0.03 4.6±0.4 
11 4.9 8.4±74 53.4±6 9 0.07±0.05 0.49±0.06 4.4±0 2 
12 4.8 10.2±3.7 70.0±5 2 0.07±0.02 0.49±0 03 4.8±0.5 
F-Erobability NS NS NS NS 0.046 NS 
LSD (P<0.05) 0.169 
Average number of expanded intemodes per tuber did not vary statistically (Table 
4.1 ), and no relationship between tuber size and number of expanded intemodes was 
observed in cultivar Shepody. 
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Variability in numbers of stomata and lenticels per tuber were also recorded within 
and between experimental sites for the cultivar Desiree. While considerable 
variability was noted between tubers between sites, significant differences were only 
found in mean stomata number and lenticel density (Table 4.2). 
Across the twelve sites, the Desiree tubers selected for laboratory studies ranged 
between 3.7 to 5.6 cm2 (Table 4.2). In contrast to cultivar Shepody, the differences in 
stomata! number between sites for Desiree were significant (P<0.05), with number 
ranging from 0.0 from site 1 to 3.8±1.9 from site 3. No significant difference was 
found in average number of lenticels. Since the second oldest expanded intemode in 
the tuber was sampled, the average number of stomata was far lower than the number 
of lenticels as in cultivar Shepody. 
Table 4.2: Effects of experimental sites on stomata and lenticels number and density on second 
intemode and number of expanded intemodes per tuber on cv Desiree. Data are means ± SE (n=5). 
The figures in italics indicate standard errors. 
Tuber size Number Density (#/mm ) Intern ode 
Sites (cm2) Stomata Lenticels Stomata Lenticels #/tuber 
4.7 0.0±0 0 58.8±11.1 0.000 0.31±0 05 3.2±0.2 
2 5.6 1.0±0.5 47.6±5.4 0.009±0.004 0.'18±() ()4 1 ?.±() ?. 
3 4.3 3 8±1 9 62.8±14.9 0.020±0.009 0.31±0 06 3.2±0.2 
4 3.7 1.4±0.2 59 2±11.0 0.014±0.004 0.64±0.09 3.3±0.02 
5 4.6 0.8±0.5 47.4±6.1 0.007±0 004 0 39±0.04 3.2±0 2 
6 3 9 1.0±0.6 48.0±11.4 0.009±0 004 0 45±0.07 3.4±0 2 
7 3.9 0.8±0 6 44.6±4.4 0.009±0.007 0 49±0.04 3.0±0 0 
8 3.5 0.2±0.2 36.6±4.8 0.002±0 002 0.52±0 06 3.0±0 0 
9 3.8 0.4±0 6 41.4±4.6 0.009±0 011 0.57±0 08 3.4±0.2 
10 3.9 0.4±0 3 44.6±8.9 0.008±0 005 0.73±0.13 2.8±0.2 
11 5.1 0.4±0 4 34.8±2.6 0 004±0 004 0.35±0 05 3.0±0.0 
12 3.8 0.0±0 0 37.2±9 3 0.000±0.0 0.39±0 09 3.4±0.2 
F-~robability NS 0.041 NS NS 0.001 NS 
LSD (P<0.05) 1.99 0.221 
When data from all sites were combined for each cultivar, it was found that intemode 
size, number of main stems per plant, number of tubers per plant and number of 
lenticels per intemode did not differ significantly between cultivar Shepody and 
Desiree but a highly significant difference (P<0.01) was found between cultivars for 
the number of expanded internodes per tuber, number of stolons per plant and 
number of stomata per internode sampled (Table 4.3). 
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Table 4.3: Effects of cultivar on internode size, number of internode/tuber, main stems, stolon and 
tuber/plant and number of stomata and lenticel per second internode in the tuber harvested at 60 DAP. 
Data are means± SE (n = 60 on Shepody and 70 tubers on Desiree) from 12 paddocks. The figures in 
italics indicate standard errors 
Cultivars Tuber Internode Intern ode Stem Stolons/ Tuber Stomata Lenticels 
size area (cm2) #/tuber /plant plant /plant (#) (#) 
(SA (#) (#) (#) 
2 
cm) 
She2ody 4.7 l.2±0.05 4.6±0.01 2.9±01 7.9±0.6 11.5±0. 7 6.5±0.2 52.7±2.6 
Desiree 4.3 1.1±0.07 3.2±0.06 3.0±0.1 5.4±0.5 12.8±0.6 0.9±1.4 47.4±2. 7 
F-2robability NS <0.0001 NS <.0001 NS 2.418 NS 
LSD 0.05 0.235 1.128 <.0001 
While stomata number, with values of 0.9±1.4 and 6.5±0.2 for Desiree and Shepody 
respectively, appeared to be under genetic control, number of lenticels did not vary 
significantly between the cultivars. When the cultivar by site effects were analysed, 
a highly significant interaction between cultivars and site was found for average 
number of main stems per plant, number of stolons per plant and number of tubers 
per plant at harvest 60 DAP (Table 4.4). 
As all sites were planted within a two week period and used the same seed lot, 
cultivar characters, site conditions and site specific management prnctic~s followed 
were responsible for differences in each of the developmental attributes (stems per 
plant, stolons per plant, tubers per plant). The range for each attribute was broadly 
consistent with the range of values found in commercial potato crops in Tasmania, 
and the trial sites were thus concluded to be representative of production conditions 
in the region. The range of values obtained for lenticel and stomata number and 
density can therefore be considered representative of the range likely to occur in 
commercial crops in Tasmania. 
While significant site and cultivar effects on important plant developmental 
processes such as stem and stolon formation, tuberization and tuber expansion were 
recorded, the lenticel formation processes and numbers of stomata remaining on 
tubers at the sampling date early in tuber development were very variable within sites 
and significant site effects were not found. 
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Table 4.4 -Effects of cultivar on number of main stems, number of stolons and tubers per plant and 
number of stomata and lenticels on sampled intemode harvested at 60 DAP. Data are means of 5 
tubers from Shepody and Desiree from 12 different paddocks. The figures in italics indicate standard 
errors of the means. 
Experimental sites Stem/plant Stolon/plant Tuber/plant 
Cultivars (C) (S) (#) (#) (#) 
She~ody 1 2.0±0.4 10.5±2.9 3.1±1.8 
2 2.8±0.4 7.5±1.2 13.3±1.9 
3 4.1±0.6 17.6±3.7 20.8±1.1 
4 4.0±0.6 3.4±1.0 14.4±1.1 
5 2.5±0.4 8.0±1.2 9.9±2.3 
6 2.9±0.3 4.0±0.5 16.1±2.5 
7 3.9±0.4 4.6±1.3 14.4±1.4 
8 2.5±0.3 9.4±1.5 11.6±1.3 
9 1.9±0.2 10.6±1.4 5.8±2.1 
10 3.1±0.5 8.4±1.3 11.1±1.3 
11 2.4±0.5 5.4±1.1 9.1±1.5 
12 2.6±0.7 4.9±0.7 8.6±0.5 
Mean 2.9 7.8 11.5 
Desiree 1 2.6±0.6 14.8±2.0 14.9±4.0 
2 4.0±0.5 3.5±0.5 18.4±0. 7 
3 2.3±0.2 12.5±1. 7 12.5±1.0 
4 1.9±0.3 6.4±0.9 9.3±1.8 
5 3.3±0.3 2.5±0.5 11.1±1.8 
6 2.8±0.2 1.5±0.5 14.3±1.0 
7 3.9±0.6 2.3±1.3 15.9±1.6 
8 3.0±0.7 4.3±1.5 12.l±l.l 
9 2.5±0.3 3.4±1.4 11.3±2.5 
10 3.4±0.3 6.9±1.3 13.1±1.5 
11 2.8±0 2 4.9±1.1 10.0±1.2 
12 3.5±0 7 2.5±0.7 12.3±0.9 
Mean 3.0 5.5 12.9 
Interaction 
(C X S) 0.0009 <.0001 <.0001 
LSD (0.05) 1.245 3.91 4.884 
Lenticels and stomata were being investigated as possible structural attributes 
contributing to susceptibility to pathogen infection, so the variability of the structural 
attributes within a crop (or site) may be more important in determining crop 
susceptibility than the mean value for the attribute at a site. Analysis of the variation 
in structures within sites was therefore undertaken. 
Large differences were recorded between sites and cultivars in the median values and 
ranges for stomata number (Figure 4.1). 
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Figure 4.1: Variations on stomata number in sampled intemode at different si te for cultivars 
Shepody (a) and Desiree (b). The boxes show mean (d iamonds), medians (horizontal bars in the 
boxes) and upper and lower quartiles (25 to 75 qua11ile range) of the data, whi le the whiskers indicate 
the minimum and maximum values. 
On cultivar Shepody, variability in stomata number was greater than on Desiree. At 6 
of the 12 sites, more than 75% of sampled tubers had more than one stomata in the 
second intemode region for Shepody whereas at all but one site more than 75% of 
Desiree tubers had no stomata present. The range of stomata numbers, and both 
median and mean values, were highest at site 3 for both cultivars . 
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Figure 4.2 : Variations on !entice! number in sampled internode as caused by experimental sites on 
cu ltivars Shepody (a) and Desiree (b).The boxes show mean (diamonds), medians (horizontal bars in 
the boxes) and upper and lower quartiles (25 to 75 quart ile range) of the data, while the whiskers 
indicate the minimum and max imum va lues. 
Lenticel number within crops varied between culti vars and sites (Figure 4.2). Higher 
variability was found for cultivar Shepody than Desiree. In fo ur of the twe lve sites, 
the 25 to 75 percentiles covered a range of more than 30 lenticels fo r Shepody. In 
contrast, this range was exceeded at only 2 sites for Desiree. The broadest range of 
values represented by the 25 to 75 quartile was found at site 3 for both cultivars. 
While narrow distribution ranges were recorded at several sites for each cultivar, 
only site 11 was found to have a narrow range fo r both culti vars. 
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The analysis of distribution patterns within the population of sampled tubers at each 
site of the structural characteristics considered likely to contribute to tuber 
susceptibility to infection revealed both site and cultivar differences. Given that 
likelihood of infection may be related to numbers of potential entry sites (for 
example, increased risk of infection with higher number or density of lenticels per 
tuber), the distribution pattern within the population of tubers in a crop may better 
reflect crop susceptibility than mean values. The distribution patterns for tubers of 
similar size enabled comparisons between cultivars and sites, but as a range of tuber 
sizes is present at any point in crop development after tuberization the distribution 
patterns for a crop must take into account any tuber size effects. Analysis of 
distribution patterns were therefore undertaken using tubers of three different size 
ranges for each site for cultivar Desiree. 
Tubers were separated in 3 different size categories; small (14 cm2), medium (28 
cm2) and large (56 cm2). There was a highly significant (P<0.01) interaction effect 
between tuber sizes and sites on the parameters number of internodes per tuber, 
internode size and area under lenticels, and a significant effect (P<0.05) on area 
occupied by intewoLle un Lhe tuber (Table 4.5). Average number of expanded 
internodes was 4.5±0.12 in small, 5.0±0.14 in medium and 6.1±0.17 in large tuber 
size categories, respectively. 
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Table 4.5: Effects of tuber size and location on intemode number/tuber, intemode size (cm2), area 
(%) occupied by sampled intemode in the tuber, area under lenticel and lenticel density. Data are 
means of 4 tubers from cv Desiree from 11 paddocks. The figures in italics indicate standard errors of 
the means. 
lnternode Lenticel 
Tuber size lnternode size Density 
Tuber size (S) site (cm2) #/tuber (SA cm2) (#/cm2) 
Small 1 13 1±1.1 4 5±0.3 10.5±1.0 11.3±0. 81 
2 14.2±0 4 3.8±0.5 10 6±0.4 11.3±1.35 
3 15.3±1.1 3 8±0 3 10.5±0.9 11 6±0.56 
4 14.2±0.8 4.8±0.3 8 0±0.9 12 7±1. 73 
5 14.5±0.8 5.8±0.3 8 5±1.2 14.9±1.40 
6 12.7±1.0 4 5±0.5 7 4±1.4 11.4±1. 71 
7 11.8±0.2 4.3±0.3 9.2±0.2 18 3±1.53 
8 15.1±1.6 4 0±0.4 10 3±0 8 13 2±1.47 
9 10.7±09 4 5±0.3 6 9±1 2 13 9±2.57 
10 13.4±0.7 4.8±0.3 9.5±0.8 7.5±1.25 
11 14.5±0. 7 4.5±0.3 10 9±1.0 12.2±1.60 
Medium 1 22 3±1.4 5 0±0.4 11 3±0 8 9 6±0 88 
2 26.0±1.3 4 3±03 14.5±1.1 7 2±0.34 
3 27 9±0.8 4 8±0 5 14.2±1 3 7.1±0.96 
4 29.4±0.9 5.0±0.4 15.8±0.5 7±0.32 
5 28.6±2.1 4.5±0.3 13 9±1.6 8.8±0.65 
6 31 7±1. 7 7 0±0.0 14 9±1.5 5.5±0.82 
7 21.9±1 1 5 3±0.3 10 9±0.2 9.6±0 88 
8 28.3±2 2 4 5±0 6 16 1±1 2 8 4±0 36 
9 32 3±0.7 5 3±0 3 17 9±2 8 6 9±0 27 
10 27 7±2.4 4 8±0.3 ·12.9±"/ 3 7 2±1 04 
11 26 7±2 2 5 0±0.0 12 9±1 2 8.9±0.22 
Large 1 42 9±1.9 6 0±0.0 16 9±1 4 7.4±0.28 
2 50.7±2 8 5 0±0.4 20.6±1 4 7.3±0.27 
3 50.9±1.2 5 3±0.5 22 3±2.2 6 5±0.94 
4 42 4±1.4 5 5±0.3 17.9±2.3 7.9±1.07 
5 51.2±5 0 6.0±0 4 26 1±2.3 5.7±0 36 
6 54.3±3.7 6.8±0 3 24 3±1.4 4 2±0 24 
7 53.3±8.5 6 8±0 9 25 1±2.9 5 9±0 65 
8 58.6±4 6 8.3±0 5 28 6±0 6 7.3±0 31 
9 60.5±4 6 6 0±0.4 27 1±1 3 6 5±0.43 
10 63.7±3.6 6 3±0 5 27 6±1 8 4 8±0.14 
11 48.9±2 3 5.8±0.3 28.1±2 9 6 6±0 21 
Interaction <.0001 <.0001 <.0001 <.0001 
LSD 0.05 7.3315 I 053 4 234 2.86 
Lenticel size increased with increasing tuber size, but the effect of site on lenticel 
size was greater than the effect of tuber size (Figure 4.3). Sites 4, 6 and 9 produced 
tubers in all three size classes with large lenticels. The site to site differences in soil 
type and irrigation method had no significant effect on intemode number per tuber, 
intemode size or lenticel density (Appendix I). 
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Figure 4.3: Effect of tuber size and experimental site on lenticel size (diameter µm). Error bars are 
SE (n=4) . LSD (0.05) = 78 .303 
As the size of the tuber increased , average number of lenticels also increased, with a 
significant difference in !entice! number between medium and large sized tubers 
(Figure 4.4) . 
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Figure 4.4 : Effect of different tuber sizes (sma ll = 14 cm2; medium = 28 cm2 and large = 56 cm2) on 
lenticel number on the second internode of the tuber. Error bars are SE (n=44). LSD (0.05) = I 0.3 
The distribution of internode number was low within sites for each size class (Figure 
4.5). Variation in mean number of expanded internodes in the large sized tuber was 
higher than in the medium and small size categories. Small and medium sized tubers 
had less variability in the expanded internode number compared to the large sized 
tubers. The range within the small size group was from 3.8 to 5.8, 4.5 to 7.0 in 
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medium size class and in large size tubers, 5.8 to 8.3. The distribution patterns within 
sites were not consistent between tuber sizes, with no consistent patterns in median 
values or in the size of the 25 to 75 percentile range. 
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Figure 4.5: Variations on number of expanded internodes per tuber on small (a), medium (b) and 
large (c) size tubers on cv Desiree as caused by experimental sites on cultivars Desiree. The boxes 
show mean (diamonds), medians (horizontal white bars in the boxes) and upper and lower quartiles 
(25 to 75 quartile range) of the data, while the whiskers mdicate the minimum and maximum values 
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The greatest range of intemode numbers was observed between sites for large tubers, 
but even this size class the majority of tubers fell in the 5 to 7 intemodes per tuber 
range. Within sites, the variability was highest on the tubers from Site 7 and lowest 
on Site 1. Tubers from Site 8 had the highest intemode number in the large size class 
with the majority of tubers having 8 or 9 intemodes. There was no consistent site 
effect between the size classes. 
The second intemode represents the highest proportion of total tuber surface area of 
all the intemodes, and was therefore used for assessment of lenticel number. The 
variability in lenticel number between and within sites was very high. For small sized 
tubers, lenticel number ranged between 100 to 150 per intemode at all sites except 
site 9 (Figure 4.6). Variability between sites was higher for medium and large tuber 
size classes. Variability within sites was generally low, particularly for large sized 
tubers, but for each size class there were a number of sites that produced tubers with 
higher variability in lenticel number. 
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Lenticel density was highly affected by tuber size, with smaller tuber sizes having 
higher lenticel density (Figure 4.7). A narrow range of lenticel densities was found 
in medium and large sized tubers both within and between sites. 
Lenticel diameter was found to be strongly influenced by site (Figure 4.8). Within 
sites, the range of lenticel diameters was low, but large differences were recorded 
between sites. Sites 6 and 9 produced tubers in all three size classes with much larger 
lenticels than the other sites and also with a greater range of lenticel sizes. Lenticel 
size was the only characteristic assessed in the study where the site effect was 
consistent across tuber size classes. 
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51 
Chapter4 Tuber Structure 
Agronomic/actors and some of the characteristic features of glasshouse-
grown tubers 
Planting depth and irrigation frequency were found to influence the pattern of tuber 
expansion but not the number of stomata or lenticels per tuber. A significant 
(P<0.05) planting depth effect was observed on the size of the internodes in cultivar 
Desiree (Table 4.6). In shallow planting, the sizes of the first, second and third 
internodes were smaller with daily irrigation than alternate day or weekly irrigation. 
When the irrigation frequency was reduced from daily to alternate days, the 
difference in internode size between the first and second internodes was very small, 
and when the plants were irrigated at weekly interval, the size of the second third 
internodes were two to three times the size of the equivalent internodes in the daily 
irrigated treatment. When the tubers were planted deeper, the size of the second 
internode was found to increase with decreasing frequency of irrigation. Treatment 
effect of planting depth was highly significant (P>0.01). 
Table 4.6: Effect of irrigation level, planting depth and intemode number on intemode size, number 
and density of stomata and lenticels on cultivar Desiree at 60 DAP. Statistics are means ± SE (n = 2). 
The figures in italics indicate standard errors. 
Intemode Number Density (#/mm2) Planting Intern ode Size (mm2) 
Irrigation level Depth (#) Stomata Lenticels Stomata Lenticels 
Daily Shallow Ist 21.6±2 0 0.5±0.5 20.5±3 5 0.02±0 02 0.94±0.07 
Daily Shallow 2nd 13.4±1 7 0.0±0.0 10.5±0 5 0.0±0.00 0.8±0.13 
Daily Shallow 3rd 9.9±2 2 4.5±0.5 2.0±1.0 0.05±0.16 0.23±0.15 
Alternate day Shallow Ist 34.6±1.7 3.5±0.5 7.0±5 02 0.1±0 02 0.21±0 16 
Alternate day Shallow 2nd 32.6±1.7 1.5±1 5 31.5±0 5 0.05±0 05 0.97±0 07 
Alternate day Shallow 3rd 16.2±12 4 2.0±0 5 11.0±6 0 0.03±0.25 0.95±0.36 
Weekly Shallow Ist 33.1±8 5 2.0±2 0 20.5±7 5 0.08±0 08 0.73±0.42 
Weekly Shallow 2nd 37.4±15 9 2 0±09 22.0±9 0 0.08±0 06 0.84±0.60 
Weekly Shallow 3rd 35.2±25 1 2.5±2.5 15.0±9 9 0.25±0.25 0.46±0.04 
Daily Deep Ist 13.2±1 2 1.5±2.0 9.5±1 5 0.18±0.00 0.71±0.05 
Daily Deep 2nd 19.5±3.1 1.5±1.5 14.5±2 5 0.07±0.06 0 74±0.01 
Daily Deep 3rd 7.1±2 4 1.5±0.5 9.5±1.5 0.26±0.02 1.43±0.28 
Alternate day Deep Ist 14.3±4 5 1.5±1.5 20.5±0 1 0.15±0 16 1.43±0 00 
Alternate day Deep 2nd 15.3±0.6 5.5±1 5 16.0±8.9 0.36±0.08 1.03±0.54 
Alternate day Deep 3rd 5.3±2.4 5.0±0.0 8.0±6 0 1.2±0.53 1.26±0.54 
Weekly Deep Ist 36.6±8 2 0.5±0 5 19.5±0 5 0.02±0.02 0.56±0.57 
Weekly Deep 2nd 69.8±1.2 3.5±3 5 32.5±6 5 0.05±0.05 0.46±0.l 
Weekly Deep 3rd 33.8±13.7 4.0±3 0 17.0±6 0 0.18±0.2 0.52±0.03 
F-~robability 0.010 NS NS 0.026 NS 
LSD (P<0.05) 26.48 0.509 
*Shallow=tubers planted at 10 cm depth and deep= tubers planted at 20 cm depth. 
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Large variation in stomata number was recorded between tubers within treatments, 
and no significant treatment effects were found (Table 4.6). Similarly, lenticel 
number per tuber varied greatly within and between treatments, and no statistically 
significant treatment effect was found. A trend of increasing number of lenticels per 
internode with increasing internode size was observed. Treatment effect on stomata 
density was significant (P<0.05). 
In cultivar Nicola (Table 4.7), planting depth and irrigation frequency had no 
significant effect on internode size. While the differences were not significant, the 
response to irrigation frequency in Nicola appeared to follow a similar trend to 
Desiree in the deeper planted treatment. Weekly irrigation resulted in large 
internodes compared to daily or alternate day irrigation. 
Table 4.7: Effect of irrigation level, planting depth and intemode number on internode size, number 
and density of stomata and lenticels on cultivar Nicola at 60 DAP. Data are means± SE (n = 4). The 
figures in italics indicate standard errors. 
lrngation Planting Intern ode Intern ode Number Density (#/mm2) 
level De2th (#) size (mm2) Stomata Lenticels Stomata Lenticels 
Daily Shallow Ist 46 5 ±I 6 0±0 0 27.0 ±8 0 0±0 0 0.59 ±019 
Daily Shallow 2"d 25.1±11.I 0±0 0 I 1.5 ±4 5 0±0 0 0.47 ±0 03 
Daily Shallow 3rd 29 6 ± 2 4 2.5 ±0.5 24 0 ±1 0 0.08±0 OJ 0 81 ±0.03 
Alternate day Shallow Ist 43 4±20 9 0.5 ±0 5 15 5 ±9 5 0 008±0 02 0 33 ±0 06 
Alternate day Shallow 2"d 174±109 0.5 ±0 5 13.0 ±4 0 0 017±0 02 I 0 ±0 41 
Alternate day Shallow 3rd 12 3±9.8 0±0 0 8.5 ±6 5 0±0 0 0.75 ±0 07 
Weekly Shallow Ist 27 I ±1 8 0.5 ±0 5 33.0±16.0 0.019±0.20 I 2 ±0 51 
Weekly Shallow 2nd 33.6 ±20.6 0±0.0 14.0±10 0 0±0 0 0 38 ±0 07 
Weekly Shallow 3rd 23.3 ±2 I 6 5±05 29 5 ±7 5 0 28 ±0 05 1.3 ±0 44 
Daily Dee2 lst 17 I ±3 0 0 0±05 7.0±6 0 0±005 0.36 ±0 29 
Daily Dee2 2nd 40.8 ±0.2 I 0±1 0 17.5 ±4 5 0 024±0 02 0.43 ±0 11 
Daily Dee2 3rd 144±6.7 1.0 ±0 0 10.5 ±2 3 0 089±0 04 0.83 ±0.22 
Alternate day Dee2 Ist 15 7 ±4.0 1.5 ±0 5 15.0±00 0.1±006 I 02±0 26 
Alternate day Deep 2nd 16 I ±4 8 2.0 ±1 0 14.0 ±0 0 0.16±011 0.95 ±0 28 
Alternate day Dee2 3rd 12.9 ±5.3 4 0±3 0 9 5 ±4 5 0.26 ±0 13 0 71±006 
Weekly Deep Ist 53.5 ±14.3 0 0±0 0 28.5 ±4 5 0±000 0.55 ±0 06 
Weekly Dee2 2nd 40.2 ±9.8 2.0±1 0 55.0 ±4 0 0.059±0 04 1.48±0 46 
Weekly Dee2 3rd 37.4±19.9 4 0±4 0 24.5 ±2 5 0 23 ±0 23 0.86 ±0.39 
F-2robab1lity NS 0.0445 NS 0 0319 NS 
LSD 0.05 2 348 0 1243 
*Shallow=tubers planted at I 0 cm depth and deep= tubers planted at 20 cm depth 
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A significant difference was observed in number of stomata per intemode, but the 
low numbers of stomata on many tubers, and the variability within and between 
treatments make interpretation of these differences difficult (Table 4. 7). Mean 
stomata number ranged from 0 to 6.5 per intemode. There was no significant 
treatment effect on lenticel number in the intemodes, but a numerical difference was 
observed between the three irrigation levels in both shallow and deep planting 
treatments. Weekly irrigation appeared to promote lenticel formation compared to 
the other irrigation treatments. In most treatments, average numbers of stomata were 
highest in the third intemode, while lenticel number was highest on the first 
intern ode. 
The observation of higher stomata number in the third intemode was consistent with 
conversion of stomata into lenticels with maturation of tubers as the first and second 
intemodes would be expected to expand and mature earlier than the third intemode. 
A significant difference was observed between the treatments on stomata number per 
intemode. Despite the very large range in the lenticel numbers (ranging from 7 to 55 
per intemode ), no statistically significant difference was found. The trend in stomata 
and lcnticcl density with treatme11ts was similar to stomata and lenticel number 
(Table 4.7). 
In cultivar Russet Burbank, while intemode sizes covered a range from 6.9 mm2 to 
39.4 mm2, no significant treatment effect on intemode size was observed (Table 4.8). 
Lenticel number was not affected by different irrigation levels at both planting 
depths, but a similar relationship to that noted in cultivar Desiree between intemode 
size and lenticel number was observed. Larger intemodes tended to contain more 
lenticels. 
In each of the three cultivars examined, the number of stomata per intemode was 
much lower than the number of lenticels per intemode. While stomata number was 
low, there did not appear to be any consistent relationship between stomata number 
and lenticel number per intemode across the treatments and cultivars. The trend 
observed in cultivar Nicola towards higher lenticel number and lower stomata 
number in the older (first) intemode, and highest stomata number and lower lenticel 
number in the youngest (third) intemode, was not found in the other two cultivars. 
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Table 4.8: Effect of irrigation level, planting depth and internode number on internode size, number 
and density of stomata and lenticels on cultivar Russet Burbank at 60 DAP. Data are means ± SE (n = 
4). The figures in italics indicate standard errors. 
Intern ode Number Density (#/mm2) 
Irrigation Planting Inter- size 
level Depth node (mm2) 
# Stomata Lenticel Stomata Lenticel 
Daily Shallow Ist 31.8±7.5 2.0 ±0.0 28 ±0.0 0.08±0.08 0.93 ±0.2 
Daily Shallow 2nd 37.6±I5.4 1.0 ±I.O 29 ±I.O 0.045±0.05 0.94±0.4 
Daily Shallow 3rd 22.2 ±I.5 3.5 ±0.5 16.5 ±2.5 0.016±0.0I 0.75 ±0.2 
Alternate day Shallow Ist 25.1 ±I.8 1.5 ±I.5 21 ±11.0 0.056±0.0I 0.81 ±0.4 
Alternate day Shallow 2nd 18.6 ±I.I 2.0 ±1.0 19.5 ±8.5 0.11 ±0.06 1.02 ±0.4 
Alternate day Shallow 3rd 10.4 ±0 5 4.5 ±0 5 12.5 ±8.5 0.43 ±0.07 l.24±0.9 
Weekly Shallow Ist 39.4±I6.0 11.0 ±7.9 8.5 ±6.5 0.43 ±0.4 0.18±0.09 
Weekly Shallow 2nd 28.8 ±9.9 13.5±I I.5 14.0±I2.0 0.69 ±0.6 0.39±0.28 
Weekly Shallow 3rd 26.1±12.3 10.0 ±4.0 11.5 ±7.5 0.58 ±0.04 0.39±0.IO 
Daily Deep Ist 29.6 ±0.4 1.5 ±0.0 12.5 ±7.5 0.05 ±0.0 0.42±0.25 
Daily Deep 2nd 12.4 ±I.6 2.5 ±0.5 5.5 ±2.5 0.21 ±0.07 0.42±0.I5 
Daily Deep 3rd 6.99 ±I.7 0.5 ±0 5 4.0 ±2.0 0.094±0.09 0.68±0 45 
Alternate day Dee2 lst 16.7 ±2.9 3.5 ±0 5 16.0 ±4.9 0.22 ±0.07 0.93±0 I3 
Alternate day Deep 2nd 27.8 ±5.7 4.5 ±I 5 23.5 ±5.5 0.18 ±0.09 0.84±0.03 
Alternate day Deep 3rd 18.1±5.5 3.5 ±I.5 19.5±7.5 0.19 ±0 03 1.04±0 09 
Weekly q~el'.___ Ist 20.9±I2 I 2±2.0 16.5±7.5 0.06 ±0 06 0.88±0.I5 
Weekly Deep 2nd 15.2±11.2 0.5 ±0 5 10.5±5.5 0.019±0 02 0.94±0.33 
Weekly Deep 3rd 9.1 ±4 7 1.0±4.9 5.0 ±4.0 0.072±0 07 0.44±0.2I 
F-probability NS NS NS NS NS 
*Shallow=tubers planted at 10 cm depth and deep= tubers planted at 20 cm depth 
When tubers harvested at 60 days and 120 days after planting were compared, tubers 
at the later harvest date were more than four times larger but displayed only small 
differences in stomata and lenticel number per intemode (Table 4.9). 
At 60 DAP (early growth stage with initiating and young tubers), average number of 
stomata in intemodes 1 and 2 were highest in Desiree (2.3±0.8) and lowest in Nicola. 
In contrast, at 120 DAP Desiree had lowest stomata number, whilst Nicola had a 
higher number of stomata per intemode. The apparent increase in stomata number 
with tuber age most likely reflects a difference in the sampled population rather than 
a developmental pattern. 
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Table 4.9: Effect of cultivars and harvest dates on intemode size, number and density of stomata and 
lenticels on first and second expanded intemodes in the tubers 
Harvest Tuber Intemode Number/intemode Density (#/mm2) 
Date size Intern ode Size 
Cultivars (DAP) (mm2) (#) (mm2) Stomata Lenticel Stomata Lenticel 
Ist 25.6±3.3 1.6±0.5 16.3±2.3 0.08±0.03 0.76±0.1 
Desiree 60 38.4 2"" 31.3±6.2 2.3±0.8 21.2±3.I 0.1±0.04 0.81±0.I 
Ist 33.9±5.4 0.4±0 2 21.0±3 8 0.02±0.01 0.67±0.1 
Nicola 60 39.4 2"" 28.9±4 6 0.9±0.3 20.8±4.9 0.04±0.02 0.78±0.2 
Ist 27.2±3.5 3.6±1.5 17.0±2.8 0.15±0.06 0.69±0.I 
R. Burbank 60 40.3 2"" 23.4±3.8 4.0±1.9 17.0±3.I 0.21±0.10 0.76±0.I 
Ist 46.4±14.2 0.8±0 5 32.1±4.7 0.03±0.16 1.0±0.2 
Desiree 120 174.9 2"" 62.5±29.1 2.6±11 29.9±6.1 0.18±0.07 0.95±0.2 
Ist 55.9±16 3 3.0±0 9 27.9±8.7 0.11±0.05 0.52±0.I 
Nicola 120 194.6 2"" 40.2±10.9 7.0±2.0 25.4±8.8 0.29±0 JO 0.49±0.1 
Ist 34.8±7.5 3.3±1. 7 16.9±4 2 0.18±0 JI 0.53±0.I 
R. Burbank 120 170.4 2"" 37.0±11.4 4.5±2.0 20.1±6.3 0.31±0.19 0.75±0 2 
Tubers sampled at 60 DAP were from the median size range for the total tuber 
population harvested, while at 120 DAP only tubers in the lower 25% range of size 
were assessed. The higher stomata number at 120 DAP may reflect a lower rate of 
loss of stomata in slower compared to faster growing tubers. 
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Discussion 
Various routes are exploited by pathogens to gam an entry into a host before 
establishing a parasitic relationship. The most common entry route for pathogens, 
including Streptomyces scabiei is thought to be through the natural openings like 
lenticels (Guest and Brown 1997; Huang 1986). Structural variations between tubers 
in the lenticels (number, density, shape or size, suberization oflenticels) and also in 
stomata, the another natural opening on tubers, could play an important role in 
facilitating and/or obstructing the pathogen entry, but little information on these 
structures in tubers at the stage of development where infection is thought to occur 
has been documented. In addition, evidence of factors influencing these structures 
( eg. cultivar, growing environments, planting depth) on potato tubers is also 
surprisingly very limited. The data reported in this chapter represent a detailed 
description of the variability in lenticel and stomata features on potato tubers of 
several cultivars grown under a range of field and glasshouse conditions. 
The mean values recorded across the field sites for main stem number per plant and 
tubers per plant indicated that the sites used in this study covered a broad and 
representative range of commercial crop growing conditions. Across this broad range 
of conditions, a high level of within and between site variability in stomata and 
lenticel number and density was found for the two cultivars, Desiree and Shepody. 
Though the tubers sampled were of approximately the same size (within the range 
between 4.1 to 5.5 cm2), number of stomata varied from 0.4±0.4 to 19±10.4 in the 
sampled intemodes on cultivar Shepody. Average number of lenticels ranged from 
40.2±8.8 to 70.0±5.2. On Desiree also, variation from 0.0 to 3.8±1.9 stomata per 
sampled intemode and 34.8±2.6 to 62.8±14.9 lenticels was recorded. 
Greater variation m lenticel number was observed in cultivar Shepody than in 
Desiree, but no significant difference between cultivars in mean lenticel number per 
intemode was found. This finding is similar to that of Scott et al., (1996) did not 
find differences in lenticel numbers between the potato cultivars Home Guard, Maris 
Peer and Desiree. Variation between tubers within a site, as well as significant 
variation in mean number of lenticels between sites, may have prevented any cultivar 
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differences from being detected in the studies. Substantial variation in lenticel 
numbers in individual potato tubers within a cultivar has been well described (Burton 
1966; Nolte 2005; Scott et al. 1996; Wigginton 1974) and was again documented in 
this study. Stomata number did vary significantly between cultivars, but was low at 
all sites. Stomata were found in the expanding intemode tissue of the majority of 
young tubers (sampled at 60 days after planting, and with surface areas up to 60mm2) 
and in mature tubers harvested 120 days after planting, suggesting that they may 
represent an entry site on the tuber for common scab infection. It is likely that the 
lack of previous evidence of the presence of stomata on mature tubers has led to 
stomata being discounted as a likely infection site on tubers. 
Formation of lenticels was found to be more dependent on growing environment than 
cultivar in this study. A highly significant interaction effect of experimental site and 
tuber size was observed on lenticel density and size. The lenticel number response to 
experimental sites and tuber sizes was also very high, with increasing lenticel 
number with increasing tuber size. Intemode size, intemode number, lenticel 
number, lenticel density and lenticel size response to the tuber sizes was very high 
for Desiree when data were pooled from the 11 experimenLal sites. With the increase 
in tuber size from 14 to 28 and from 28 to 56 cm2, intemode size and lenticel density 
decreased, and in contrast the number of internodes per tuber and lenticel number 
and size increased. The number of lenticels on potato tubers has previously been 
shown to be influenced by size of tuber, soil type and weather (Cutter 1992) and 
moisture conditions in the soil during tuber formation (Meinl 1966). While 
significant variation between tubers existed within each size group in this study, the 
results suggested that lenticel formation was a continuous process in the tubers 
during growth and that growing environment had a significant effect on lenticel 
formation. Michaels (1937) counted higher number of lenticels per unit of surface 
area in small tubers compared to bigger ones, but interestingly, smaller tubers had 
higher variability in lenticel density than medium and large size tubers indicating that 
small tubers were more active in lenticel formation. 
The number of expanded intemodes per tuber varied significantly between the 
cultivars tested, but site effect was not significant. Intemode expansion occurs due to 
the increase in cells size in the pith region followed rapidly by increase in cell 
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division and concomitant cell enlargement (Cutter 1992). From this study, it can be 
concluded that there was more genetic influence than environment on the rate of 
internode expansion. The results presented in this chapter showed that the interaction 
effect of cultivars and sites on internode size was very high (P<0.01). While 
relationships between rates of internode expansion and the development of lenticels 
and stomata were not evident, the variability in pattern of tuber expansion within and 
between sites as well as between cultivars was sufficiently great to suggest that 
changes in structural characteristics at the tuber surface would be expected. 
Under the more controlled glasshouse conditions, internode size expansion rate was 
also shown to be influenced by cultivar as well as growing environment, with a 
significant interaction effect between planting depth and irrigation level. Internode 
size variation within cultivars was very high, ranging 5.3±2.4 to 69.8±1.2 mm2 on 
Desiree, 12.3±9.8 to 53.5±14.3 mm2 on Nicola and 7.0±1.7 to 39.4±16.0 mm2 on 
Russet Burbank. Weekly irrigated plants tended to produce larger internodes than 
daily and alternate day irrigated ones. The distribution of nodes over the tuber 
surface is not uniformly spaced (Allen and Scott, 2001) and as a result tubers are 
likely to have varying number of nodes as well as varying internode areas. Thus 
variability in tuber expansion rate may also encompass differences in rates and 
timing of expansion of individual intemodes. The second intemode surface area 
represented a significant proportion of total tuber surface area (approximately 50% of 
the tuber surface area) at the early tuber development stage. The first and second 
intemode also did not differ considerably in lenticel or stomata! characteristics, and 
the second intemode is therefore an appropriate region of the tuber to sample to 
allow comparison between treatments. 
Number and density of lenticels in the intemodes were not influenced by the 
treatments applied in all of the three cultivars evaluated under glasshouse 
experiments. Variations on lenticel number was very high compared to stomata 
number within cultivar, with a range of 2.0±1.0 to 23.5±6.5 on Desiree, 7.0±6.0 to 
55.0±4.0 on Nicola and 4.0±2.0 to 28.0±0.0 on Russet Burbank. In all the cultivars, 
stomata and lenticel density followed almost same trend of stomata and lenticel 
number in the intemodes. 
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Interestingly, the first intemode in the tubers harvested from daily irrigated and 
alternate day irrigated with shallow depth (10 cm) were bigger than the second and 
third intemodes, but in the weekly irrigated treatment, the second intemode was 
larger. In deep (20 cm) planted tubers, the second intemode was bigger in all of the 
irrigation treatments. Stomata and lenticel number in all three intemodes assessed in 
the study varied greatly between tubers, however, treatment differences, while 
considerable, were not statistically significant. 
The research reported in this chapter confirmed that there is large variation in the 
structural features of the potato tuber, and that this variation is influenced by both 
cultivar and growing environment. The variation in lenticel number and density 
between sites, as well as variability between tubers within sites, was consistent with 
the possibility of these features being related to tuber susceptibility to infection (see 
Chapter 7). Variability also existed between intemodes within tubers, again 
suggesting that structural features may link to susceptibility given previous reports of 
infection being restricted to specific Flf~Fls of tubers \vhen moisture conditions 
conducive to infection are applied for short time periods (Lapwood and Adams 
1973). The presence of stomata in expanded intemodes on mature tubers, as well as 
the evidence of continuous lenticel formation during tuber expansion, was consistent 
with tubers remaining susceptible to infection throughout crop growth, but with the 
region of the tuber that is susceptible varying with maturity. In contrast to the 
commonly held conclusion that lenticels form from stomata, the large discrepancy 
between stomata and lenticel number as well as the evidence of continuous lenticel 
formation during tuber expansion suggested that lenticel growth may initiate from 
sites other than under stomata. Therefore, further study of the pathway of lenticel 
development in potato tubers is warranted. 
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Chapter 5 
Lenticel Development on Tubers 
Introduction 
Stomata and lenticels, the tiny openings on potato tubers, are responsible mainly for 
gaseous exchange between the tuber and its growing environment. In addition, these 
porous structures are believed to play an important role in the disease infection 
process for some pathogens, including common scab disease of potato (Fellows 
1926; Adams and Lapwood 1978). If seen from the surface, the conspicuous lenticel 
structures appear as highly differentiated lens-shaped lenticular masses of loose cells, 
usually protruding above the surface through a fissure in the periderm (Esau 1965; 
Romberger et al. 1993). These are the most obvious visible structures after the eyes 
(nodes) on potato tubers (Peterson et al. 1985), and vary in number, size and density 
(Burton 1970; Cutter 1992; Scott et al. 1996; Nolte 2005). Despite the apparent 
importance of lenticels of potato tubers as entry routes of several pathogens 
including Streptomyces scabiei, and their role in gaseous exchange between the 
environment and potato tubers, the pattern of lenticel development in potato tubers 
have not received much research attention. 
It has been widely concluded that lenticels in potato tubers originate from single or 
groups of stomata (Adams 1975a; Peterson and Barker 1979; Fahn 1989; Groh et al. 
2002). Artschwager (1918) reported that lenticels mainly formed in the periderm at 
sites below the original stomata at quite early stages of tuber development. Hayward 
(197 4) noted that the apical tissues of a growing potato tuber bear stomata and as the 
tissues age lenticels become evident. They usually arise in the periderm at sites 
below stomata, or under groups of stomata and the function of the stomata are 
gradually transferred to the lenticels during tuber development. 
Since the peridermal (phellem) layer is resistant to water loss and presumably to 
gaseous exchange also, the role of lenticels in replacing stomata as the major site of 
gas exchange appears warranted. Rennenberg et al. (1997) have described structural 
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features such as extent, structure and porosity of filling cells, diameter and extent of 
intercellular space, and extent of lenticel phelloderm, and concluded that continuity 
of intercellular spaces mainly determines the physiological functions of lenticels. 
While few studies have been undertaken on lenticel development in potato, a number 
of other species have been examined in more detail. Two general theories have been 
postulated on lenticel formation in general; firstly, the lenticels arise from the pre-
existing stomata just previous to, or coincident with, the formation of the first 
periderm layer (Eames and MacDaniels 1925, 1947; Tyner et al. 1997, Groh et al. 
2002), and secondly, lenticels form through rupturing of the epidermal layer due to 
the internal pressure of complimentary cells inside the periderm (Hamberlandt 1928; 
Dietz et al. 1988). This internal pressure might be triggered by rapid development of 
meristematic cells in the phellogen. Potato tubers are modified stems, and some of 
the internodes expand very rapidly during the developmental phase of the tubers so it 
is feasible, although not currently documented, that the second mechanism of lenticel 
formation occurs in potato. 
One of the most detailed descriptions of lenticel formation pathways was from a 
study of mango fruit. Dietz et al. (1988) documented two pathways of lenticel 
origination in it, with formation either from pre-existing stomata or from rupturing of 
the epidermis as a result of rapid growth. The sequence of events reported to take 
place when the lenticels formed from stomata in the fruits were; death of guard cells, 
loss of cuticular membrane in sub-stomata! chamber, suberization of the cells lining 
the substomatal chamber and the formation of the empty cavity of the lenticel 
chamber due to the absence of cork cambium in pre-existing stomata. 
Not all lenticels on the developing mango fruit were observed to form in this manner, 
with small fractures in the epidermal layer noted as alternative sites of formation. A 
rapid increase in size occurring during fruit development, resulting in fracturing of 
the epidermal layer, resulted in lenticels forming at these points on the epidermal 
layer. 
Esau (1965) also described lenticel formation from stomata and suggested that the 
parenchymatous cells beneath the stoma undergo initial divisions, and then phellogen 
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pushes the overlying cells outward and ruptures the epidermis. If stomata are 
numerous, lenticels may only develop under some of them (Fahn, 1989). Stomata are 
reported to be sparsely scattered on the epidermis of young tubers and quickly 
replaced by a periderm (Artschwager 1924; Peterson et al. 1985) to fulfil gaseous 
requirement of the tuber, so epidermal rupturing for lenticel development appears 
possible. Data presented in Chapter 4 also supports this mechanism as the number of 
lenticels was far higher in the sampled intemodes than stomata number, indicating 
that some of the lenticels may have formed independent to the stomata in the potato 
tubers. 
The process of lenticel formation from stomata on potato tubers has been described 
in some detail in the literature. Potato tubers are modified stem structures and almost 
all the characters existing in stems of other herbaceous plants are also available on 
them. Young tubers contain an epidermal layer with widely scattered stomata, and 
during tuber expansion periclinal divisions taking place in cortical cells of the tuber 
subtending the substomatal cavity have been suggested to be the process initiating 
the formation of lenticels (Artschwager 1918, 1924; Fellows 1926; Adams 1975a). 
Dy such uivisiuns, guard cells are raised up above the tuber surface and finally are 
shed (Adams 1975a). 
The phellogen, a meristematic region, continuously develops beneath the lenticels 
during the formation of the periderm from epidermis (Peterson et al. 1985; Tyner et 
al. 1997). Cell division and expansion can lead to an expansion in lenticel size as the 
tuber expands. 
Previous studies regarding lenticels have focused on the number, density (Wigginton 
1973 ), distribution in the tuber (Artschwager 1924 ), the relationships of moisture in 
lenticel proliferation (Meinl 1966; Perombelon and Lowe 1975), and physiological 
functions of lenticels (Peterson et al. 1985). While no studies have specifically 
investigated the lenticel development pattern in the potato during early stages of 
tuber development when these structures are reported to be more vulnerable to most 
of the soil-borne pathogens, the published studies have provided insight to the 
functions of lenticels in the potato tuber. 
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The limited literature on the lenticel features considered important in common scab 
disease infection highlight the need for a detailed study on the pathway of lenticel 
formation in potato tubers. Knowledge of the pattern of development and structural 
changes during development could contribute to improved understanding of key 
aspects of common scab such as identification of the disease infection window and 
structural characteristics affecting tuber susceptibility to common scab infection. A 
series of trials were conducted in a hydroponic system to investigate the lenticel 
development pattern during the early stages of tuber formation. The experiments also 
tested the hypothesis that stomata are not the only source of lenticel development in 
potato tuber. 
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Materials and Methods 
Two experiments were conducted to test the hypothesis that lenticels follow only one 
developmental pathway on potato tubers, from stomata and not from epidermal 
ruptures. As the conventional soil or potting media based potato growing systems 
present enormous difficulties for sampling the tubers without destructive harvests, a 
Nutrient Film Technique (NFT) hydroponic system was utilized (see Chapter 3). 
This system has been shown to be relatively cheap, easy to operate and to provide 
easy access for tuber sampling whenever required (Yang 2004). Trials were 
conducted at the Horticultural Research Centre, University of Tasmania, Hobart, 
Tasmania from 16/06/2005 to 15111/2005. 
Since tuber susceptibility to the common scab pathogen is at a maximum during the 
early stages of tuber formation (Adams 1975b; Tyner et al. 1997) tubers were 
sampled over a two and a half week period from the day of swelling of the tubers. 
The hydroponic system allowed identification and marking of individual tubers on 
the day that they commenced swelling, and therefore sampling at known ages post-
tuberization. Sampling was first undertaken 35 days after planting, when the first 
flush of tubers were initiated on the plants, and again at 120 days after planting when 
the plants had increased in size and were still initiating new tubers. These two 
sampling periods were designated Experiment #1 and Experiment #2 respectively. 
Lenticel development on early tubers from early harvest 
Planting materials and environmental conditions 
A hydroponic system utilising six separate trays was used to study lenticel 
development pattern on the early tubers from 35 days after planting. In the 
experiment, three week old tissue-cultured plants of cultivar Russet Burbank were 
planted, with nine plants per tray, on capillary mat under nutrient film technique 
(NFT). 
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When sufficient numbers of stolons were observed swelling (at 5 weeks after 
planting), stolons with tips at the hook stage were selected and marked with coloured 
pins (inserted in the mat close to the selected stolons). The marked tubers were 
rechecked the following day and pins from the stolons not displaying a normal 
pattern of swelling were removed, leaving 70 tubers for the experiment. On the third 
day of sample selection and first day of tuberization (defined as diameter of the 
swelling tip exceeding twice the diameter of the stolon (Slater 1963; Cutter 1992; 
O'Brien et al. 1998), five swelling stolon tips were harvested and fixed in FAA. This 
process was continued every day up to the 12th day and then on alternate days for 2 
samples (i. e. 14th and 16th day of swelling). The fixed samples were stored at 2 °c 
(±1 °c) before being examined. 
Assessment of sampled tubers 
On the day of assessment, tubers were washed twice to remove the fixative from the 
samples. Under the dissecting microscope all the epidermis or peridermal layer of the 
samples were peeled with a sharp razor blade and stained with 0.5% toluidine blue 0 
in 1 % sodium borate following the method of Peterson and Barker (1979). Each 
stained peel sample was rinsed to remove extra stain and mounted on a glass slide 
under a cover slip. Stomata and lenticel number were counted per field of view 
(FoV) under 100 x magnifications using an Olympus light microscope. Following 
Smith (2004), the stomata and lenticel density was calculated as described in Chapter 
4. 
Lenticel development on tubers during late plant growth 
In order to document the developmental pattern of lenticels at a later stage of plant 
development, another selection of stolons was done for experiment #2 at 120 days 
after planting from the same plants used in experiment # 1. At the commencement of 
the experiment, stolons at the hook stage were marked as described above. On the 
following day, 80 tuberizing stolons were chosen for the experiment based on visual 
assessment of uniformity of size and shape. Every second day, 10 tubers were 
harvested and stored in FAA as described in experiment # 1. This process was 
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continued to the l 51h day after tuberization. The samples were assessed for the 
following parameters; (a) tuber diameter, (b) intemode number per tuber and (c) 
number and density of stomata and lenticels in the tuber. Tuber size (length, width 
and breadth) was measured at the widest point using vernier callipers. Expanded 
intemodes, defined as the region between a consecutive pair of eyes/nodes (Adams, 
1975a), were counted in each tuber. The intemodes near to the apex of the tubers 
where eyes were close together and little expansion had occurred were not included 
in the count. 
After counting the intemodes, the intemodes were separated from the tubers with the 
help of a dissecting microscope. All the epidermis or peridermal layer from every 
excised intemode samples were peeled with a sharp razor blade and procedures of 
staining, washing, slide preparation and counting the number and calculation of the 
stomata and lenticel density was followed as in Experiment #1. 
Based on the shapes of the tubers, surface area was approximated as an ellipsoid, 
spherical and round function following Meredith (1989) using the formulae: 
1. for ellipsoid, surface area (SA)= 2*nw2+(2n(z2/2)(w2)/\i(l212)-(w2)sin-1[\i(z2/2)-
w2]/(z2/2); 
2. for spherical, SA= 4m2, where r=(l+w+b)/6, and 
3. for perfectly round tubers, SA = nz2 
In all cases l was the overall length of the tuber along the stolon axis from stem 
end to bud end, w was the maximum width of the tuber, generally intermediate in 
magnitude of dimensions in the three axes, and b was the maximum thickness of 
the tuber (Meredith 1989). 
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Data analysis 
For both of the experiments, SAS software was used to perform the statistical 
analysis (SAS 9.1, SAS Institute Inc., Cary, NC., USA 2002-2003) and all the data 
were subjected to analysis using ANOVA with the General Linear Model (GLM). 
The means were separated by Fishers least significant difference (LSD) at 5% level 
of probability. 
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RESULTS 
Lenticel development on early tubers from early harvest 
Lenticel development patterns in tubers formed early in plant development were 
studied over a sixteen day period. Average number of stomata per tuber was highest 
(11.8±2.2) on the first day of tuber formation and decreased from the second day 
onwards. The rate of decline was not linear, with an initial sharp decrease followed 
by a slower rate of decrease in stomata number. The number of lenticels increased 
sharply with increasing age of the tubers up to the third day and after then remained 
relatively constant but with large variation up to the 10111 day (Figure 5.1). 
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Figure 5.1: Stomata and !entice! number from the first day of tuberization to l 61h day under 
hydroponics at early stage oftuberization (35 days after planting). Error bars are SE (n=5) 
Statistically, the differences in both stomata and lenticel numbers were highly 
significant (P<0.001) between days. No lenticels were found on tubers at the first day 
of tuber formation. The timing of the decrease in stomata number corresponded to 
the timing of the increase in lenticel number, and the number of lenticels formed was 
less than the number of stomata originally present, suggesting that lenticel formation 
may have been from stomata. 
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Surface area of sampled tubers did not differ significantly (P<0.05) between 
sampling dates, indicating a slow rate of tuber growth and a high degree of 
variability in tuber size within each sample date (Table 5.1). A highly significant 
difference (P<0.001) was observed in the average number of stomata per unit area 
measured. Highest stomatal density (l.0±0.39/mm2) was counted on the tubers from 
day one and density gradually decreased with increasing tuber age. In contrast, 
lenticel density increased significantly over the first few sampled dates, and then 
remained constant with increasing tuber age (Table 5.1). The large variation in both 
lenticel and stomata numbers between tubers was consistent with the data for field 
grown plants as reported in Chapter 4. 
Table 5.1: Response of days after tuberization on tuber size and stomata and lenticel density. 
Data are means ± SE (n=5). Figures in italics indicate standard errors. 
Days after Surface area Density (#/mm2) 
Tuberization (mm2) Stomata Lenticels 
9.6±1.8 l.0±0.39 0.0±0 0 
2 10.2±0.6 0.86±0.16 0.19±0 1 
3 12.6±3.6 0.34±0 13 0.92±0 2 
4 13.2±1.5 0.32±0.07 0.51±0 1 
5 11.6±1.4 0.24±0 16 0.96±0.3 
6 9.5±0.5 0.33±0.11 0.64±0.1 
7 10.6±1.2 0 18±0.09 0.74±0.1 
8 11.4±1.5 0.14±0.08 0.62±0 1 
9 12.4±0 8 0.03±0.02 0.67±0.1 
10 I l.9±1 4 0.12±0.04 0.47±0.l 
11 l l.9±0.9 0.08±0.05 0.52±0 1 
12 11.3±0. 7 0.01±0.01 0.52±0.2 
14 10.9±0.9 0.02±0.02 0.65±0.1 
16 11.4±0 8 0.04±0.02 0.63±0 2 
F probability NS <.OOO! 0.0066 
LSD (P<0.05 0.388 0.439 
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Lenticel development on tubers during late plant growth 
The rate of tuber growth in the second experiment was much higher than in the first 
experiment, with tuber surface area increasing more than three-fold over the 15 day 
tuber age sampling period (Table 5.2). The canopy area of the plants had increased 
greatly in the period between the first experiment and second experiment, and this 
may have contributed to the more rapid growth of tubers observed in this experiment. 
Table 5.2: Tuber size, intemode number, density of stomata and lenticels per tuber from the first day 
of tuberization to 15 days. Data are means of 50tubers. The figures in italics indicate standard errors 
of the means 
Surface area Expanded Stomata Lenticel 
Days after (mm2) intern odes density density 
Tuberization /tuber(#) (#/mm2) (#/mm2) 
1 28.4±2.9 4.l±0.9 0.96±0.09 0.42±0.05 
3 42.3±4.4 (48.9) 5.0±0.5 0.51±0.06 0.14±0.08 
5 45.6±4.3 (7.8) 6.2±0.6 0.66±0.09 l.24±0.11 
7 51.3±7.9 (12.5) 5.5±1.1 0.62±0.07 l.l 7±0.09 
9 63.1±5.6 (23.0) 5.9±0.6 0.6±0.09 l.9±0.09 
11 58.9±6.9 (6.8) 6.8±0.8 0.53±0.09 l.97±0.12 
13 78.3±12.1 (12.1) 8.l±0.8 0.34±0.07 3.0±0.18 
15 91.5±9.3 (12.0) 6.5±0.7 0.29-10.07 J.5±0.18 
F-probability <.0001 0.0003 0.0002 <.0001 
LSD (P<0.05 19.37 1.606 0.2053 0.3278 
Figures in parenthesis is increase in tuber size (SA%) every alternate day 
Expansion of internodes already present in the apical region of potato tuber is the key 
factor in tuber growth. In the studies, average number of expanded internodes per 
tuber increased significantly (P<0.001) with tuber age, but there was also a high 
degree of variability within sample dates indicating that expansion rate of individual 
tubers varied. On the first day of tuberization, the number of internodes were 4.1±0.9 
and at 15DAP 6.5±0, with a maximum of 8.1±0.8 on day 13 reflecting the variability 
between sample dates. 
Increasing age of the tubers resulted in lower number of stomata and higher number 
of lenticels, with density following the same trend. A highly significant effect 
(P<.001) of tuber age on stomata and lenticel density was found. Highest number of 
stomata per mm2 surface area was counted on the first day (0.96±0.09) and lowest 
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(0.29±0.07) on the 15th day after tuberization, whereas the lenticel density was 
highest (3.5/mm2) on day 15 and lowest (0.4/mnl) at day 1 (Table 5.2). 
Average number of stomata at first day of tuberization was 5.5±0.6 and though the 
number went down to 3.1±0.7 at day 15 (Figure 5.2) the decrease was not 
statistically significant. In contrast, average number of lenticels was lowest (2.4±0.2) 
on the first day and highest (38.7±3.7) on day fifteen, with a consistent increase with 
increasing tuber age throughout the sampling period. Surprisingly, lenticels were 
present already on the epidermis at the first day of tuberization, in contrast to the first 
experiment where they were absent, and increased rapidly over the first three sample 
dates. Unlike in experiment 1, lenticel number continued to increase over the 
duration of the experiment. As lenticel number at the last sample date was more the 5 
times higher than stomata number at the first sample date, and more than double the 
highest number of stomata per tuber recorded in experiment 1, it was concluded that 
rupturing of the periderm may contribute to lenticel formation in addition to 
development from stomata at later stage of the plant. 
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Figure 5.2: Number of stomata and lenticels per tuber from the first day of tuberization to l 51h day 
under hydroponics at late stage oftuberization (120 days after planting). Error bars are SE. 
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intemode of the tuber from day 1to15 oftuberization at 120 days after planting. Error bars are SE. 
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The timing of the changes in number of stomata and lenticels varied between the 
different intemodes on tubers (Figures 5.3a to 5.3e). On all the intemodes, number of 
stomata was slightly higher than lenticels at the first sample date (day of 
tuberization). Number of lenticels increased rapidly over the first seven days in the 
first and second intemodes, more slowly in the third intemodes, and no difference 
was observed on fourth and fifth intemodes. A rapid increase in lenticel number 
commenced at day 11 for the fourth intemode and day 13 for the fifth intemode. The 
stomata to lenticel ratio were higher on older intemodes than the younger intemodes. 
Images of stomata and lenticels on potato tubers were collected during the 
experiments, and in other trials conducted in the project. Stomatal structure was 
similar to that noted on potato leaves (Plate 5.1), and evidence of sub-stomatal cell 
expansion causing stomata to be raised above the epidermal surface (Plate 5.2) and 
leading to lenticel formation (Plates 5.3 and 5.5). Areas of peridermal surface 
subtended by zones of cell expansion were noted without any evidence of the 
presence of stomata (Plates 5.4 and 5.6), consistent with lenticel formation through 
periderm rupturing. In both cases, localised regions of cell division and expansion 
within the phellem appeared to initiate the surface rupturing (Plates 5.7, 5.8, 5.9) 
either at the site of stomata or at other sites on the periderm. These zones of cell 
division and expansion give rise to vertical rows of filling cells below the point of 
rupture in the early stages of lenticel formation (Plate 5 .10). Further development of 
lenticels includes an increase in the area of the ruptured zone on the periderm surface 
(Plates 5.11), increased number of filling cells, loss of the ordered, vertical alignment 
of the cells and suberisation in the filling cells and the phellogen cells below the 
loosely organised filling cells (Plates 5.12 and 5.13). The timing of suberisation in 
lenticels varied widely between experiments in the project. 
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Plate 5.1: Stomata on tuber periderm 
Plate 5.3: Lenticel with stomata 
Plate 5.5: Lenticel with stomata 
Lenticel development 
Plate 5.2: Stomata pushed up by 
internal meristematic activity 
Plate 5.4: Lenticel without stomata 
Plate 5.6: Lenticel without stomata 
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Plate 5. 7: TS of meristematic cells 
beneath the tuber periderm 
Plate 5.9: Filling cells developing under 
the periderm 
Lenticel development 
Plate 5.8: Filling cells erupting 
Plate 5.10: TS of lenticel with vertical 
row of filling cells 
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Plate 5.11: A matured lenticel on tuber 
Lenticel development 
Plate 5.12: Suberized lenticel phellogen 
Filling cells and phellem layer 
Plate 5.13: Fully suberized phellogen layer in lenticel 
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Discussion 
Lenticel formation commences in the skin of potato tubers at (or before) tuberization, 
and continues throughout the period of tuber expansion. Lenticels were absent on the 
first day of tuberization in experiment #1 and present in experiment #2 where they 
appeared to be in epidermal rather than peridermal tissue. Fahn (1974) also noted 
that lenticels may appear prior to periderm initiation or that lenticels and periderm 
may arise simultaneously. The data suggested that timing of formation of the first 
lenticels may vary with plant physiological or morphological status, with tubers 
forming under marginally inductive conditions (experiment #1) initiating lenticel 
formation later than tubers formed when the tuberization response within the plants 
was stronger (experiment #2) (Pavlista 1995; Kefi et al. 2000). 
Development of stomata and lenticels is primarily dependent on the expansion of 
intemodes and as the tubers age, number of stomata reduce and number of lenticels 
increase, with the greatest initial rate of change occurring in the oldest intemodes as 
these are the first to expand. The rate of lenticel formation was greater in experiment 
#2 than experiment H l, reflecting the difference in talc: uf Luber expansion. The rate 
of lenticel formation is therefore influenced by the rate of tuber expansion and 
lenticel density changes with tuber size. These results are in line with previous 
reports of Nolte (2005) and Cutter (1992) that the number of lenticels per unit of 
tuber surface is influenced by tuber size. In experiment #2, tuber size increased from 
28.4±2.9 mm2 to 91.5±9.3 mm2 from the day of tuberization to 151h day and number 
of lenticels increased from 2.3±0.2 at the day oftuberization to 38.5±3.7 per tuber on 
day 15. The most rapid increase in lenticel number in experiment #2 was between 
days 11 and 13, which was also the period of most rapid increase in tuber size. 
Very high moisture conditions and raised temperature in the hydroponic system 
might have some effect on increasing the number of lenticels per tubers as the 
stimulatory role of temperature and moisture on lenticels has been reported by 
several researchers (Adams 1975a; Cutter 1992; Scott et al. 1996). Adams suggested 
that temperature and growing conditions may be more important than genetics in 
determining the rate of lenticel proliferation. 
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Lenticel formation was most rapid in rapidly expanding intemodes, so commenced 
first in the early formed intemodes (intemodes 1 and 2) and progressively through 
the third and subsequent intemodes. There was a delay in lenticel formation in the 
3rd, 4th and 5th intemodes compared to 1 st and 2nd intemodes in experiment #2. Scott 
et al (1996) reported that there was a gradual increase in lenticel number as the tuber 
swelled. They found roughly equal proportions of lenticels in apical, mid and basal 
portions of a tuber. This trend was not affected by cultivar, moisture and tuber size. It 
is likely that these observations were made on tubers older than those used in this 
study, therefore missing the initial period of lenticel formation noted in experiments 
#1 and #2. The apical region of growing tubers has been noted to bare stomata 
(Adams 1975a), suggesting that this region may not have initiated rapid lenticel 
formation, a conclusion consistent with the transition of zones of lenticel formation 
from the basal to apical region of the tuber during expansion. 
Lenticel development has been shown to follow two different pathways: conversion 
of stomata during the transition from epidermis to periderm, or from rupturing of 
periderm during rapid expansion growth. Previous literature has identified only the 
lirsl palhway in potato tubers. Lenticel development from stomata was concluded to 
be the likely pathway in the first experiment in this study, but in the second 
experiment evidence of the second pathway was generated. As the size of the tuber 
increased with tuber age, high number of lenticels was found compared to stomata 
numbers. In addition, a rapid phase of lenticel formation commenced approximately 
2 weeks after tuberization, corresponding to rapid tuber expansion, and stomata 
number did not vary significantly during this period. The rate of increase in lenticel 
number shortly after tuberization was similar to the rate of decrease in stomata 
number, suggesting that the first pathway was prevalent at this stage of tuber 
formation, while the second pathway was dominant during later stages of tuber 
expansion. Dietz et al. (1988) suggested lenticel formation from rupturing of the 
periderm occurred in mango fruit due to the enormous increase in the size of 
developing fruit. Some of the intemodes in the potato tuber also expand very rapidly, 
so the formation of lenticels from periderm rupture would be consistent with rapidly 
developing intemodes in potato tuber. 
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Observations of lenticel development in early tuber formation in hydroponics were 
consistent with observations under field conditions. Though the tuber size, in 
addition to the cultivar, had some effect on number and density of lenticels in field, 
glasshouse and hydroponically grown tubers, in all of these conditions, stomata and 
lenticels numbers followed a similar trend with tuber age. Stomata number is low in 
all but very young tubers, while lenticel number increases with tuber size but lenticel 
density declines as the increase in tuber surface area with tuber age is greater than the 
rate of lenticel formation. Small differences in the rate of intemode expansion and/or 
the rate of lenticel formation would account for the variability in lenticel number 
between tubers noted in all experiments. Given that lenticel formation may occur 
through periderm rupture associated with rate of tuber expansion, growing conditions 
would be expected to affect rate and timing of lenticel formation. If lenticels are the 
entry point for the common scab pathogen, effects of growing conditions on tuber 
expansion and lenticel formation may at least partially account for variability in 
infection levels under different production environments. 
A further interesting finding in this study was that not all stomata were lost from the 
luber surface during expansion. This observation was consistent with the results 
reported in Chapter 4 for field grown tubers. Hayward (1974) reported that stomata 
were mainly confined to the youngest intemodes in the tuber and as the tissue ages 
they were converted to lenticels. While this conversion does appear to occur, clearly 
not all stomata are lost from the tuber surface during tuber growth. 
The results described in Chapter 4 and those presented in this chapter, provide 
evidence on two different pathways of lenticel development, the second of which has 
not been earlier reported in potato tubers in the literature. This pathway, the 
formation of lenticels from epidermal or periderm rupturing during tuber expansion, 
would be expected to lead to variability in rate of lenticel formation under different 
crop production conditions and could be linked to differences in tuber susceptibility 
to pathogen infection. 
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Chapter 6 
Common scab infection window during potato tuber development 
Introduction 
Common scab disease of potato has been one of the most important limiting factors 
throughout the potato growing areas of the world. Various methods of disease 
management including through varietal resistance (Pemberton 1994), chemical 
treatments (Davis et al. 1974; Hooker 1990), crop rotation (Hooker 1990), organic 
amendments (Huber and Watson 1970), soil treatment (Hooker 1990), strategic 
irrigation (Lapwood and Adams 197 5) have been recommended so far and even after 
several decades of efforts, none of the measures have been able to provide an 
effective control (Darling 1937; Driscoll et al. 2007). 
The host tuber first must be inoculated for infection to occur. The literature review 
presentecl in Chapter 2 identified the earlier stage of the tuuer development as the key 
stage for disease infection and natural openings like lenticels existing on the tuber 
could be utilized as entry routes by Streptomyces. It is well recorded in the literature 
on other crops that hosts do not remain always susceptible for disease infection 
(Guest and Brown 1997; Agrios 2005). In the case of potato, after a certain period, 
lenticels begin suberising so that their size is reduced which physically excludes 
pathogen Streptomyces scabiei entrance (Guest and Brown 1997). 
Growth of the tuber depends primarily on expansion of intemodes and it stops at 
lifting or death of the parent plant (Goodwin 1967). The possibility of stomata, 
lenticels and new epidermis/periderm formation is always present as potential entry 
sites for the pathogen. Therefore the reports based on simple tuber physiological 
structure do not give an accurate estimate of susceptibility on the tubers (Lapwood 
and Hering 1970). Probably due to this reason, the severity of common scab disease 
varying from intemode to intemode, cultivar to cultivar, field to field and year to 
year varies considerably. But no clear explanation for the apparently erratic and 
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uneven distribution of this disease even within a field is available (Goto 1981; Conn 
et al. 1998). 
Previous chapters have showed the appearance of stomata in the unexpanded 
intemodes in the tubers even at very late stage of the crop and availability of lenticels 
in epidermis at very early stage has indicated that if the tubers get infected during the 
stomata-lenticel transformation phase as reported by Lapwood and Adams (1973) 
and Adams (1975a), the possibility of infection window remaining active for long 
period of crop life is very high. Soil and tuber-borne nature (Wang and Lazarovits 
2004) and very wide host range (Kritzman and Grinstein 1991) also supports the 
argument that the possibility of extended window for the infection in the potato 
tubers is very high. 
Unavailability of satisfactory control measure, less knowledge on host-pathogen 
interactions and no information found in the literature about the physiological basis 
for window of susceptibility to common scab during tuber development (Lapwood 
and Dyson 1966; Warmer 2008) led this researcher to investigate the relationship 
between tuber infection at different dates of pathogen inoculation, interactions 
between intemodes and pathogen inoculation dates, physiological development of 
the plant at disease infection, main structural features at the day of inoculation, and 
effect of moisture treatments on scab severity. One glasshouse and two hydroponic 
experiments were conducted. 
Conclusion 
All of these research reports suggest that most scab infections occur during the early 
stages of growth and development of potato tubers especially on actively growing 
areas of the tuber, but uncertainty as to the window for infection in potato tuber 
remains (Lawerence et al. 1990). The findings that are available in the literature tend 
to be general and focused towards disease management area rather than from a 
physiological perspective. Therefore, the research documented here in this chapter 
investigated the physiological basis of infection window identification to common 
scab disease during early stage of tuber development through a series of trials carried 
out under conventional glasshouse conditions and hydroponics systems. The 
experiment was designed to test the hypothesise that tuber remains susceptible to 
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scab infection only for short period of time and later on resistance develops inside 
the tuber and as a result infection can not occur. Probably that is the reason a large 
variation occurs within tuber and between tubers in same plant in scab symptoms. It 
is also proposed that cropping season and growing conditions do not have any effect 
on disease infection window. 
83 
Chapter 6 Common scab disease infection window 
Materials and Methods 
One pot trial and two hydroponics trials were conducted to determine the specific 
window period for common scab disease infection in potato tubers. Experiments 
were conducted using novel pot culture and hydroponic systems that facilitated 
exposure of plants to the pathogen at specific times during plant growth or exposure 
of individual tubers at defined tuber ages or stages of development. Identification of 
the infection window under the experimental conditions used in the trials was 
required to allow subsequent examination of tuber structural changes that may be 
linked to changes in susceptibility to infection. 
Effect of different dates of pathogen inoculation on common scab disease 
development cv Desiree under glasshouse conditions 
Pot and plant establishment 
Using a modification of the Mcintosh (1970) methodologies, sixty 5L (200x200 mm) 
plastic bags containing a compartmented system designed to separate the root system 
and tubers were filled to 40% capacity with standard potting mix. Over this, a 40 cm2 
square piece of screen fibre glass mesh (lmm) was placed and each piece was used 
to create a bowl shaped zone in a planting bag. On top of this, a vermiculite-potting 
soil ( 1: 1) mixture was added, filling the bag to 80% capacity. 
After the preparation of the pots, gentle hand-watering was used to moisten and settle 
the potting mix. To each pot one two-week old tissue-cultured plantlet (see Chapter 
3) of cv. Desiree was planted, carefully placing the roots on the mesh in the upper 
zone of the pots, and gently watered. During plant establishment, small plastic vials 
were placed over plants for 1 week to reduce transplant stress. Irrigation was initially 
deep and infrequent to encourage root penetration through mesh into bottom soil 
layer. As plants developed a vermiculite-potting soil (1: 1) mixture was used to top-
up, preventing exposure of developing tubers to external environment. 
New root growth from the tissue-cultured plantlets rapidly penetrated the upper zone 
and grew through the mesh into the lower layer of potting mix. Stolon and tuber 
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growth was restricted to the upper zone. From 30 days after planting, plants were 
destructively harvested at regular intervals (additional plants were planted for this 
purpose) to determine the time of tuber initiation. Swelling of the stolon in the sub-
apical region was considered as the first observable sign oftuberization (Cutter 1992; 
Xu et al. 1998) and stolon was considered tuberized if the tip was measured more 
than twice in the diameter of subtending stolon (Ewing 1990). At day 45, tubers 
were found on the 3 plants harvested, and this date was defined as the time of 
tuberization. Seventy uniform sized plants were selected for the experiment, which 
involved seven inoculation date treatments. Plants were labelled and arranged in a 
completely randomised block design prior to application of inoculation treatments. 
Experimental design and key treatments dates 
Seven separate inoculation dates: 14, 21, 28, 35, 42, 49 and 56 DAT (60-102 DAP), 
were applied to Desiree plants. The treatments were replicated (n=5) in a completely 
randomized design with a pair-wise comparison at treatment date. The trial was 
planted on 9th February 2007 with harvesting and disease assessment on 4 June 2007 
(130 DAP). 
Application of pathogen treatments 
At each specific inoculation treatment date plants of similar size were selected 
randomly. With care the top layer of potting media above the mesh was removed by 
turning the pot upside down and gently tapping, this process was facilitated by 
keeping upper soil layer dry. This left exposed developing stolons and tubers, ready 
for either harvest, pathogen and/or control treatments. 
At each inoculation date, ten plants were used, and they were grouped into pairs (5 
replicates by 2). One plant from each pair had five different representative sized 
tubers selected, with each tuber measured for length, width and marked with a tag; 
taking care not to damage the plant. The other paired plant was harvested, with five 
corresponding tubers matching size dimensions of the other pot washed gently in tap 
water, wiped with tissue paper and kept in FAA for histological studies. The tagged 
plants were then re-filled with inoculated vermiculite-potting soil (1: 1) mixture (see 
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Chapter 3), above the mesh, irrigated immediately and placed back into the 
glasshouse in the randomized design. 
Irrigation management 
After treatment, plants were managed in a manner that encouraged thorough drying 
of the soil media between irrigations, so as to encourage common scab symptom 
development. 
Tuber harvests and assessment 
All tubers were harvested at senescence (130 DAP); the individual tagged tubers 
were measured again for their size (surface area) increase, weighed and assessed for 
common scab infection and scab severity (see Chapter 3) on whole tuber and on 
individual intemode. Total number of tubers per plants was counted at harvest. 
Fffect of early, medium and late inoculations and two moisture treatments 
(dry and wet) on disease infection under hydroponics 
Plant establishment and growth conditions 
Two-week old tissue-cultured plantlets of Desiree were planted in the hydroponic 
system (see Chapter 3). There were six separate benches and nine plants planted per 
bench. Planting date was optimized based on Yang (2004) so as to ensure adequate 
numbers of growing stolons and tubers forming. Where short stolons formed and 
were of no use, they were removed to encourage subsequent stolon growth and 
tuberization. The aim was to have approximately 50 similar-age tubers per bench 
(300 in total) at any one time for experimental usage. 
The hydroponic set-up was managed as described in Chapter 3. The nutrient outlet 
flow rate was 125±5ml per minute and the pH in the nutrient solution was 
maintained between 6 to 7. 
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Application of pathogen treatments 
On day of treatment, pathogen treatment was prepared by scraping the surface of 5 
fully colonised ISP2 slopes (see Chapter 3 and Appendix 2) and rinsing twice with 
distilled water. The water rinsings, containing spores and mycelia, was made up to 
250 mL and placed in a spray bottle ready for application. The tubers in groups often 
were then sprayed thoroughly with the appropriate treatment (pathogen or water 
control), wetting the whole surface of the tuber. Paper was placed around the groups 
of tubers to prevent spray drift. 
Experimental design and key treatment dates 
Trial 1 
Three separate inoculation dates: 10, 20 and 30 DAT were applied to Desiree tubers. 
Each separate inoculation date consisted of 1 spray only. Additionally, moisture 
conditions upon which the tubers were lying, a wet hydroponic mat treatment versus 
a dry environment in petri dishes free of surface water, was another factor studied. A 
total uf uue hundred and fifty tubers were used in the wet treatment and three 
hundred were used for the dry treatment. The experiment was setup in an unbalanced 
block design with 3 plants per bench being allocated for each inoculation treatment 
date. Control sprays of water only were applied randomly across all replicates 
(minimum of 10 tubers per bench). Planting occurred on 23rd April 2007 with harvest 
and tuber assessment at plant senescence. 
Trial 2 
Three separate inoculation dates: 0-10, 11-20 and 21-30 DAT were applied to 
Desiree tubers. Each separate inoculation date consisted of 2 sprays at 5 day 
intervals i.e for 0-10 DAT treatment sprays were made at days 3 and 8. Each 
treatment was made to 10 separate tubers per bench (n=6) giving 60 tubers per 
treatment. Water spray controls were also made to 10 tubers per bench. Planting 
occurred on 101h August 2007 with harvest and tuber assessment at plant senescence. 
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Selection of tubers and treatment conditions 
A few days prior to pathogen application, developing stolons and tubers were 
selected and carefully positioned into groups of ten ready for treatment application. 
Individual tubers were marked on the day of tuberization (diameter of stolon tip 
twice that of the subtending stolon). In trial 1, 150 tubers were left on the hydroponic 
mat (wet treatment) and 300 were positioned in petri plates with dry matting 
underneath (dry treatment). In trial 2, tubers were positioned in petri plates with dry 
matting underneath. Also, nutrient flow rate was reduced from 120 down to 60±5 ml 
per minute, and was kept at this level for the remainder of the experiment. 
Tuber harvests and assessments 
In both trials, all treated tubers were harvested at senescence of the plants. In rare 
cases where atypical rotting symptoms were observed, these tubers were excluded. 
All other tubers were assessed for common scab incidence and disease severity (see 
Chapter 3). 
Statistical analysis 
An analysis of variance and least significant difference (LSD) procedure using SAS 
for windows was performed to treatment effects in the three experiments. 
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Results 
Effect of different dates of pathogen inoculation on common scab 
disease development cv Desiree under glasshouse conditions 
The date of inoculation with the common scab pathogen had a highly significant 
impact on infection rate of potato tubers (Figure 6.1 ). Tubers inoculated at 60 DAP 
or 2 weeks after tuberization were infected to a greater extent than all other 
inoculation date treatments, with mean tuber infection percentage of 68%. 
Percentage infection of tubers at 67 DAP inoculation was 60%, with infection rate 
declining sharply to 28% at day 74 inoculation and then decreasing more gradually to 
a final level of 4% infection at 102 DAP inoculation. 
A highly significant difference (P<0.001) in the percentage of tubers infected was 
found between inoculation date treatments, indicating a window of high 
susceptibility to common scab disease infection in the tuber at 60 to 67 days after 
planting, or about 2 to 3 weeks after tuberization, in Desiree grown in glasshouse 
conditions. Tuber exposure to the pathogen after this period of high susceptibility led 
to few tubers being infected. Lower infection rates occurred at later inoculation 
dates, demonstrating that while susceptibility decreased with plant (and presumably 
tuber) age the window in which infection can occur extended over the duration of the 
tuber growth and development period. 
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Figure 6.1 : Percent tuber in fection from different date of pathogen inoculation (approxi mate ly 2, 3, 4, 
5, 6, 7, and 8 weeks after tuberization), cv Desiree. Bar corresponds to standard erro r of the mean 
(n=25 tubers). 
Scab severity, measured as lesion depth assessed on a visual scale of 0 to 4, fo llowed 
a similar trend to infection percentage (Figure 6.2). The severity of common scab 
lesions was greatest at the first inoculation date and declined with later inoculation 
dates. 
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Figure 6.2: Differences in scab severity on the tubers at different days of pathogen inoculation after 
planting, (approximately 2, 3, 4 , 5, 6, 7, and 8 weeks after tuberi zation), cv Desiree. Bar corresponds 
to standard error of the mean (n=25 tubers) . 
The effect of inoculation date on scab severity was highly significant (P<0.001). The 
most severely affected tubers were obtained in the day 60 inoculation treatment, with 
the mean severity rating of 2.3 representing scab lesions of between lesion depth of 
> lmm to <2mm depth. Rating scales has been described in Chapter 3. Mean severity 
rating declined with later inoculation dates and by day 88, inoculation resulted in 
only superficial scab lesions on the tubers. 
Inoculation at the earliest dates provided a longer time period for development of 
lesions in comparison to later inoculation dates, and this difference in duration of 
exposure to the pathogen may have contributed to the recorded trend in scab severity. 
Almost all tubers inoculated at day 60 and 67 (2 and 3 weeks after tuberization, 
respectively) were scored as having a scab severity more than 2, demonstrating that 
severe symptoms could develop within 63 to 70 days of inoculation or 8 to I 0 weeks 
after tuberization, suggesting that the reduced severity of symptoms with later 
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inoculation dates was at least partially attributable to reduce susceptibility of tubers 
to disease development. The highest severity rating for a tuber inoculated at day 95 
was 2 out of 4 and disease infection at 102 days inoculation provides further support 
for this conclusion. 
The effect of inoculation date on the percentage of tuber surface area covered by 
scab lesions was dramatic, with approximately 12% and 9% of tuber surface area 
covered by lesions when inoculated at 60 and 67 days after planting respectively. 
This declined to less than 1 % with all the later inoculation dates (Figure 6.3). 
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Figure 6.3: Percentage common scab infection on potato tubers as influenced by the days after 
planting, (approxi mate ly 2, 3, 4, 5, 6, 7, and 8 weeks after tuberi zation), cv Desiree. Bar corresponds 
to standard error of the mean ( n=25 tubers). 
The effect of inoculation date on the percentage of tuber surface area covered by 
common scab lesions was highly significant (P<0.001 ). No significant difference was 
observed between inoculation treatments on days 74 to 102, with few lesions present 
on tubers from each of these later inoculation date treatments. 
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The period of maximum susceptibility to infection was found to vary between 
intemodes on the tubers (Figure 6.4). An average of 7 intemodes was present on the 
tubers in this study. Highest percentage of scab was scored on intemode 2 (15.8%) 
followed by intemode 3 (14.3%), 4 (11.6%), 5 (9.8%) and 1 (8.1 %), respectively at 
60 DAP (Figure 6.4). As the tubers went towards the maturity, scab infection on the 
second intemode was reduced to 8.6% however third and fourth intemodes were still 
highly scabbed (11.5 and 15.3% respectively). Sharp decrease on scab surface (%) 
was observed from day 74 onwards. At day 81, sixth intemode strangely was found 
seriously scabbed. At even day 102 inoculation (8th week after tuberization) second 
intemode was found slightly scabbed (0.02%). 
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Figure 6.4: Interaction effect between internodes and pathogen inoculation dates on percent scab 
infection on expanded intemodes. Data are means of25 replicate tubers. 
Due to the large variability prevailing, statistical differences on scab severity 
between intemode in the tuber was not significant (P<0.05). Interaction effects 
between weeks of inoculation and intemodes assessed in the tuber are also not 
significant (P<0.05), however, intemode number 2 and 3 were the highly scabbed 
(2.0±0.1) and intemode 6 the lowest (1.4±0.2). Lowest severity of pathogen infection 
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in oldest and youngest intemodes indicated that some sorts of pathogen escape 
(either could be due to the resistance in these intemodes or missing susceptible stage 
of the tubers at the time of inoculation in these intemodes. 
Effect of early, medium and late inoculations and two moisture 
treatments (dry and wet) on disease infection under hydroponics 
Trial 1 
Individual tubers of cultivar Desiree were successfully infected with common scab in 
the hydroponic system using the methodology developed in this project. None of the 
control tubers, sprayed with distilled water rather than inoculum, displayed scab 
lesions, indicating that the symptoms observed were the result of pathogen infection 
rather than the growing conditions or inoculum application method. Tuber 
susceptibility to infection, and the severity of common scab symptoms developing on 
infected tubers, was found to vary with tuber age (Table 6.1 ). The highest infection 
percentage, about 37% of inoculated tubers, was recorded when tubers were 
inoculated 20 days after they had tuberized. Tuber surface scabbed was highest 
(3.8±0.8) on second inoculation and no differences between first and third 
inoculation. The severity of scab symptoms on infected tubers did not vary 
significantly between inoculation date treatments, and was low in comparison to the 
tubers in the glasshouse trial, however, the earlier tubers were inoculated, the slightly 
higher was the lesion severity observed in the results. 
Table 6.1: Main effect of inoculation date on tuber size, number of expanded intemodes/tuber, % 
common scab infection and scab symptom severity on tubers. Data for wet and dry treatments are 
combined. Data are means of 200 tubers from cv Desiree. The figures in italics indicated standard 
errors of the means. 
Inoculation date Tuber size Intern ode Infected Scab Scab 
(DAT) (mm2) /tuber(#) tubers(%) surface(%) severity 
10 l 722±111.1 6.7±0.1 15.5 0.4±0.1 l.6±0.2 
20 1253±39.4 6.5±0.1 36.6 3.8±0.8 l.5±0.1 
30 2063±102. 7 8.8± 0.4 8.4 0.3±0.2 l.4±0.3 
F-probability <.0001 <.0001 <.0001 NS 
LSD (P<0.05) 220.01 0.470 1.707 0.598 
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Tuber size (surface area) at harvest, along with number of expanded intemodes per 
tuber, was highest on the tubers inoculated at 30 DAT. As infection percentage was 
lowest for this treatment, it is possible that common scab infection reduced the rate 
of tuber growth. 
Average number of intemodes per tuber was counted higher on wet (normal 
hydroponic condition treatment) than dry (tubers growing on petri plates). Effect of 
treatments on tuber sizes and the relationships between scab inoculations with 
disease infection recommends further confirmation (Table 6.1 and 6.2) towards the 
effect of scab on tuber size and yield. 
Table 6.2: Interaction effects between moisture treatments and pathogen inoculation date after 
tuberization on scab surface (%), scab severity and average number of expanded intemode and tube 
size (mm2). Data are means of200 tubers from cv Desiree. The figures in italics standard errors of the 
means. 
Inoculation Intemode Scab 
Moisture date after /tuber Tuber surface Scab severity 
treatment tuberization (#) Size (mm2) (%) (1- 4 scale) 
Dry 10 6.5±0.3 1887±212.9 l.0±0.4 l.8±0.2 
20 6.4±0.2 1194±74.8 5.8±1.9 l.4±0.1 
30 6.6±0.R 1988±295.1 0.9±0. 7 l.3±0.3 
Wet 10 6.9±0.1 1576±88.5 0.09±0.0 l.9±0.3 
20 6.6±0.1 1285±45.2 2.9±0.8 l.3±0.1 
30 9.7±0.3 2092±84.3 0.06±0.1 l.2±0.2 
F-probability <.0001 <.0001 <.0001 NS 
LSD 0.05 0.704 329.2 2.6249 
Inoculation of tubers in contact with the hydroponic system capillary matting (wet 
treatment) resulted in lower common scab infection rates when compared to the 
inoculation of tubers placed on petri dishes (dry treatment) (Table 6.2). This trend 
was evident in all three inoculation dates, which indicated that inoculation under dry 
conditions was a more effective procedure for studying infection in the hydroponic 
system. Under both wet and dry treatment conditions, tubers at 20 days after 
initiation were the most susceptible to infection. This result was consistent with the 
data from the first experiment in a pot based system (Figure 6.1) confirming the 
window in which susceptibility to infection is highest occurs within 2 to 3 weeks 
after tuber initiation. The lower rate and severity of infection following inoculation at 
10 days after tuberization in comparison to 20 days after tuberization suggests an 
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initial phase of increasing susceptibility following tuberization may exist, followed 
by declining susceptibility as the tubers age further. 
Highest infection on tuber surface (5.8±1.9%) was recorded on the 20 DAT 
inoculation and dry condition treatment followed by same date inoculation date and 
wet treatment (2.9±0.8), whilst scab lesion severity was higher on 10 DAT 
inoculation in both dry and wet treatments. As the tubers were maturing, the severity 
reduced considerably in both dry and wet conditions (Table 6.2). From the results, it 
can be concluded that tubers of 20 days are more susceptible and as the tubers pass 
this date, pathogens miss the window and infection decreases but for the severity of 
the disease earlier inoculation is more important. 
The severity of common scab symptoms on different intemodes on tubers varied 
with inoculation date. Severity of lesions was highest in each of the first 5 intemodes 
following inoculation at I 0 days after tuberization. The apical intemodes ( 6 and 7) 
were not infected following inoculation at 10 days after tuberization, but were 
infected in the 20 days after tuberization inoculation treatment (Figure 6.5). 
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Figure 6.5: Scab severity on the internodes in the tubers inoculated at 3 different dates (date I= 10 
DAT, date II= 20 DAT and date III= 30 DAT). Data are means of200 replicate. 
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Intemodes 6 and 7 may not have been expanding at 10 days after tuberization, and 
therefore may have received little of the inoculum applied at that time. In addition, 
susceptibility to infection in these intemodes may have been low if the 
developmental events associated with tuber susceptibility were yet to occur. 
Trial 2 
Higher tuber infection rates were recorded in the second hydroponic experiment, 
with two thirds of inoculated tubers being infected at the first inoculation date. The 
percentage of tubers infected declined with increasing tuber age and the effect was 
statistically significant at P<0.05 level (Table 6.3). The severity of symptoms on 
inoculated tubers also decreased with increasing tuber age at inoculation, with a 
significant decrease in the surface area of tubers affected by scab lesions and a trend 
towards decreased depth of lesions assessed visually using the 0 to 4 scab severity 
scale. In contrast to the previous experiment, tuber size at harvest was not 
significantly affected by the inoculation tr~atments. 
Table 6.3: Effect of pathogen inoculated days on tuber size, common scab incidence, scab surface(%) 
and scab severity on the tubers. Data are means of 175 tubers from cv Desiree. The figures indicate 
standard errors of the means. 
Tuber size Scab surface Scab severity 
Inoculation date (SA cm2) (%) (0-4 scale) Tuber infected(%) 
Ist I (0- 10 DAT) 15.7±1.7 4.6±1 3 1.5±0 1 66.6±7.1 
2nd (10 - 20 DAT) 16.8±1.3 1.7±0.5 1.2±0 I 52.6±12.2 
3rd (20 -30 DAT) 19.1±1.5 1 2±0.6 1.1±0.1 26.6±11.4 
F-probabihty NS 0.0119 NS 0.0479 
LSD (P<0.05) 2.3518 31.538 
There was no significant treatment effect on scab severity on different inoculation 
dates, however, the earlier the inoculation, the higher was the scab severity found 
(Table 6.3). Inoculation dates had a significant effect (P<0.05) on percent tuber 
infection. The tubers inoculated at 0 to 10 DAT were 66.6±7.1 % infected with 
common scab disease followed by 10 to 20 DAT inoculation (52.6±12.2%) and 20 to 
30 DAT inoculation (26.6±11.4%). 
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The percentage area covered by common scab lesions in different intemodes varied 
with inoculation date (Figure 6.6). Intemode 4 was most severely infected (1.9) when 
inoculated within 3 days of tuberization (with a second treatment at day 8) and 
though the percentage was reduced intemode 4 was again the most affected intemode 
in the second inoculation date treatment. In the 3rd inoculation date treatment, 
intemode # 6 was more scabbed (1.9) compared to all other intemodes in the tubers. 
The results were consistent with those of the two previous experiments, with apical 
intemodes becoming more susceptible, and basal intemodes less susceptible, as 
tubers age. 
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Figure 6.6: Effect of common scab pathogen inoculation dates (Ist date= 0 to 10, 2"d date= 10 - 20 
DAT and 3rd date= 20 - 30 DAT) on scab(%) on different intemodes in the tuber under hydroponics, 
cv Desiree. Data are means of 175 replicate tubers. 
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Table 6.4 shows the effect of pathogen inoculation dates on scab severity on the 
tubers on the intemodes. Though interaction effects between number of intemodes 
assessed and date of pathogen inoculation were not significant (P<0.05), differences 
between both of the factors were apparent. 
Table: 6.4: Interaction effect between number of intemodes and date of inoculation on scab severity. 
Data are means of 175 tubers from cv Desiree. The figures in italics indicate standard errors of the 
means. 
Intemode Scab severity (0-4 scale) on different dates of inoculation 
(#) Ist (0 -10 AT) 2nct (10-20 DAT) 3rct (20 - 30 DAT) 
1 l.l±0.1 l.0±0.0 l.0±0.0 
2 l.2±0.1 l.2±0.1 l.l±0.1 
3 l.3±0.2 l.2±0.1 l.3±0.1 
4 l.5±0.1 1.1±0.2 l. l±0.1 
5 l.3±0.3 l.2±0.2 l.3±0.2 
6 l.5±0.5 l.3±0.5 l.5±0.5 
7 l.0±0.0 l.0±0.0 l.0±0.0 
8 l.0±0.0 0.0±0.0 0.0±0.0 
9 0.0±0.0 0.0±0.0 0.0±0.0 
More number of intemodes was scabbed in first inoculation than other two. Scab 
severity was also higher on first inoculated intemodes than later treated ones. 
Intemode to intemode differences on the severily even from same tuber gave 
surprising differences, however, oldest intemodes were less scabbed and youngest 
intemodes were not scabbed at all. However, the lesions present on the tubers in the 
experiment were, however, mostly superficial suggesting that the development of 
lesions was not favoured by the prevalent conditions. 
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Discussion 
Several methods have been reported for infecting potato tubers with common scab 
pathogens in the glasshouse and under field conditions. Most of the methods are 
developed to test chemical control, moisture management, type of pathogen strains 
and resistance or susceptibility of the potato cultivars to common scab (Mcintosh 
1970; Wiggins and Kinkel 2005). The methods developed in this chapter provide 
alternative strategies for infection studies and enabled precise identification of 
susceptibility periods during tuber growth. 
Mcintosh (1970) has described a glasshouse method using plants growing in ordinary 
infested field soil with or without added chemical, under the conditions needed for 
infection of tubers by scab. He used 3 layers in the pots, the bottom layer filled with 
potting compost, middle and top layers with treated field soil and scab-control 
chemicals were tested. Using some of the principles adopted by Mcintosh (1970) 
plus modifications as described (see Chap.6, Materials and Methods) we have been 
able to develop successful, repeatable infection methods. By creating zones between 
scab inoculum-vermiculite and the standard potting mix below we encouraged the 
compartmentalization of the growing potato structures. Roots penetrated into the 
lower zone whilst stolons and tubers were initiated and developed in the upper zones. 
The upper zone was open and coarse enabling conditions to be easily modified to 
favour scab development i.e. rapid drying and wetting conditions. The method 
developed in this chapter for disease infection window identification and the study of 
the pre-existing structural features of the tuber on the day of pathogen inoculation 
without destructive harvest of the tubers and plants have been able to introduce a 
novel method for the studies. 
Further to the methodologies described above, a system was developed in 
hydroponics that enabled inoculation of potato tubers with subsequent common scab 
infection and symptom development, all in a soil-less media. This is the first time 
such a system has been reported and has potentially opened a new avenue of scab 
research in the future. To develop this unique model system required continual 
refinement of infection methods and modification of plant growing environment, a 
discussion of this is warranted. 
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The final infection method developed for this hydroponics study utilised a pathogen 
spray applied to the whole tuber. Infection was encouraged by reducing trickle 
irrigation which increased water stress on plants. Also, growing tubers were placed 
in a drier environment i.e. in an elevated petri dish and not directly sitting on the wet 
hydroponics mat (which encouraged lenticel proliferation and therefore minimal 
infection). Cultivar selection was also seen as important with utilisation of the 
common scab susceptible cultivar 'Desiree' aiding infection. Other specific methods 
of infection were tested in protocol development including placing paper discs with 
colonised pathogen on individual parts of tubers allowing specific intemodes or 
lenticels to be targeted (results not presented). This method was tested on more 
resistant cultivars and before optimisation of plant growing environment parameters 
had been fully developed, so infection was generally low. These techniques may be 
worth revisiting using Desiree and the adopted growth conditions. Nonetheless, the 
spray method utilised in this chapter was a successful and novel approach that 
provides an additional tool for studying common scab and provided great insight into 
periods of tuber susceptibility to infection. 
The main window of tuber susceptibility to common scab disease infection is shown 
in the results to be the early stage of tuber formation which is in agreement with 
almost all of the reports available in the literatures related to the potato tuber and 
scab infection (Adams and Lapwood 1978; Hooker 1981; Hide and Lapwood 1992; 
Loria et al. 2006). They have reported that the developing portion of the tuber is 
most vulnerable and severity increases as the tubers swell. Also, from field 
experiments, Lapwood and Hering (1970) have reported infection occurring only on 
actively growing tubers or parts of tubers. 
Highest common scab infection and disease severity was recorded when plants were 
inoculated at 60 DAP, i. e. 2 weeks after tuberization (WA T), followed by 67 DAP. 
After 74 DAP or 4 WAT the infection reduced sharply, however, the infection seen 
on the tubers inoculated at even 102 DAP i.e.8 W AT is in agreement with the results 
of Park et al (2002) who reported common scab infection occurring at a later stage of 
tuber development. The disease occurred 60 days after planting in spring planting 
and 40 days after planting in autumn cultivation but highest percent of disease 
incidence at 70 days after planting in both of the seasons. This finding is not in line 
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with that of Lapwood and Dyson (1966), and Stalham (2006), who reported that the 
critical period for scab was before or during the period when tubers were being 
initiated and lasting only for few weeks depending on the rate of tuber growth and 
development but not occurring on mature tubers (Fellows, 1926). Regarding the 
severity, the earlier a tuber becomes infected the larger the scab lesion and higher the 
severity will be (Driscoll et al. 2007). Fellows (1926) and Hooker and Page (1960) 
have documented most scab infection occurring during the early stages of growth 
and development, however, if actively growing areas of the tuber with stomata or 
unsuberized lenticels prevail throughout the growing season tubers remain 
susceptible to infection. 
The statistical differences on scab infection between the intemodes assessed was 
non-significant. Large variability observed prevailing in the scab infection between 
the intemodes within tuber reveals that scab surface infection (%) in the intemodes 
differs with the time of inoculation. In the results, first intemode (closer to the basal 
end) was highly scabbed on the tubers inoculated at 67 DAP (3 weeks after 
tuberization) and as the inoculation date was one week later, the second intemode 
got more infection. All other younge1 i11ternuues (internode 3, 4, 5, 6, and 7) were 
scabbed when inoculated at 95 DAP (7 W AT). Since the base of the tuber has the 
oldest tissue, the disease was present on the basal end for a longer time and as a 
result spreads over a large area. Fellows (1926) also reported disease more severe at 
the basal end of the tuber than in the apical region but low scab scored in the first 
oldest intemode in the results indicated that probably it escaped the infection or 
remained resistant at the time of inoculation. However, lower infection on intemode 
3 and higher in 4 at day 95 further indicates the possible role of external factors 
prevailing in glasshouse during infection. Lapwood and Lewis (1967) have 
documented when infection starts at later stage, the stolon end will be scabbed higher 
and the rose end free. 
The infection achieved under hydroponics (NFT) system is a first as already 
discussed. Of note, the treatment parameters tested (dry and wet conditions) 
indicated that some infection could be induced by the Streptomyces pathogen in not 
only dry but also under wet conditions. These results differ from the findings of 
Labruyere (1965), Lapwood and Lewis (1967); Adams and Lapwood (1978), and 
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many more researchers who claim that potato tubers are susceptible to Streptomyces 
scabiei only in dry but not in wet conditions. This has led to irrigation being 
recommended as a scab prevention strategy when tubers are forming (Lapwood and 
Dyson 1966; Adams and Lapwood 1978; Agrios 2005). In contradiction to most 
reported literature Barker and Page (1954) found Streptomyces pathogens growing 
well in wet sterile soil and can infect tubers under wet sterile conditions also. Park et 
al., (2002) reported irrigation reduced common scab incidence by only about 50% in 
their experiments. Our work also suggests that infection (although only minimal) 
could be promoted under wet conditions. 
Of note, the usage of irrigation as a control for common scab disease has been 
studied in great detail (Lewis 1970; Lapwood et al. 1970, 1973; Lapwood and 
Adams 1973, 1975; Adams and Lapwood 1978; Wilson et al. 2001) although some 
contradictory findings suggest more work is needed to better understand the 
mechanism as to how irrigation may reduce common scab symptom development. 
Three main theories as to how scab is suppressed are that irrigation alters 1) lenticel 
proliferation, 2) antagonist activity and 3) microclimate, to favour less disease 
(Lewis 1970; Adams and Lapwood 1978; Adams 1Y75a; R. Loria,pers. comm.). The 
hydroponics methodology developed in this chapter would enable some of these 
parameters to be studied more independently without the contradicting effects of 
other factors. For example, the effect of antagonist activity can almost be assumed to 
be removed in the soil-less media system (compared to field and potting soils) 
allowing the other parameters to be more closely looked at. 
The results of differing common scab infection periods under modified experimental 
conditions in hydroponics (different wetness) is the first time reported and provides 
support to field based research (Lapwood and Adams 1973). But the evidences 
presented in both of the hydroponic trials, scab severity did not differ significantly 
(P<0.05) between the days of inoculation after tuberization, but earlier the 
inoculation done higher the severity was observed. One point of difference between 
the hydroponics and pot trials was that the extent of disease development was a lot 
greater in the pot trial. Maximum infection percentages from the most successful pot 
and hydroponic trials were similar (66-68%, see Figure 6.1 and Table 6.3). However 
the severity and coverage of the lesions differed markedly with maximums of2.6 and 
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approx. 12%, and 1.8 and 5.8% recorded for the pot and hydroponics trials 
respectively. This could be due to some of the managerial constraints with 
hydroponics such as time to time exposure of the tubers to the light during 
inoculation and comparatively wetter conditions created by nutrient flow. This 
contrasts to the open and drier potting mix in the pot trials where pathogen would be 
exposed and in continual contact with the tuber surface for a longer time period. 
Continued refinement of the hydroponic system is ongoing to improve symptom 
development outcomes. 
Size of the tubers (surface area mm2) reduced under high scab pressure in both of the 
hydroponics trials indicating the possible effect of common scab disease on potato 
tuber yield also. Evidences on the relationship between scab infection and its effect 
on tuber yield has not received proper attentions, however, Adams and Hide (1981) 
have reported less ground cover, less leaf area index, less fresh weights of stems and 
leaves less total tuber yield and tuber number growth during the first 6 to 9 weeks 
after planting from the severely scabbed than from the slightly scabbed seed. Han et 
al. (2005) have also stated common scab disease may have some effect on tuber 
yield. Severe infection may reduce the tuber yield (Agrios 2005). 
In summary, methods developed and results reported in this chapter expand the 
knowledge on different methodologies of successful experimentation and expands 
the current understanding of infection window in the tubers. Incorporation of this 
knowledge in relationship between structure and infection and pathogen induced 
structure in the potato tuber will be the next stage of the project. 
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Chapter 7 
Relationships between tuber structur~s and common scab infection 
Introduction 
Individual pathogens usually follow a preferred entry route through specific structures or 
penetration sites available in the host. In the absence of these structures, physical entry 
into the intact cells in the host tissues is not possible without specialized strategies to 
breech intact epidermis or periderm tissue (Goodman et al. 1987). Streptomyces scabiei 
is generally considered to infect tubers through lenticels (Fellows 1926; Leiner et al. 
1996), however infection through stomata (Fellows 1926) and periderm has also been 
suspected (Loria et al. 2003). Susceptibility to infection may therefore be expected to 
vary with the number and/or structure of these anatomical features. 
Studies of stomata! and periderm structure in relation to common scab susceptibility 
have not been reported in the literature, although russetted cultivars are generally 
considered to be less susceptible than smooth skinned cultivars (Jones 1931 ). Several 
studies of lenticels have been published. Longree (1931) found lenticels described as 
compact type, due to the tight arrangement of filling cells, in resistant potato cultivars 
and loose type lenticels in susceptible potato varieties, and reported that the nature of the 
filling cells was more important in scab resistance than the shape and size of the 
lenticels. In contrast, Darling (193 7) reported that Ienticels of resistant cultivars were 
much smaller compared to those of susceptible cultivars, but also that the filling cells in 
resistant cultivars were smaller, oblong and more compact. Adams (1975a) found no 
differences in lenticels between resistant and susceptible potato cultivars but 
recommended for further investigation of this work. Tegg (2006) also did not find any 
strong relationship between overall !entice! architecture and common scab incidence, 
and recommended for further investigations. Other authors have presented conclusions 
without strong supporting evidence. Suberization of packing cells in lenticels during 
tuber aging has been assumed to link to resistance to infection (Jones 1931; Lapwood 
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and Adams 1973) and lenticels on potato tubers that suberize rapidly physically were 
stated to exclude disease like Streptomyces scabiei of potato (Guest and Brown 1997). 
Further study is clearly required to confirm the commonly reported links between 
lenticels and tuber susceptibility to common scab infection. 
Some reports related to other potato diseases are also available in the literature. E. 
carotovora subsp. carotovora resistant potato cultivars have been reported to have 
thicker cuticle in the epidermis, more phellem cell layers, extensive suberization in 
lenticel tissue, fewer lenticels per unit tuber surface area (Zhang et al. 1991) and fewer 
lenticels (Weber and Bartel 1986) than susceptible cultivars. Fewer lenticels in late 
blight disease (Phytophthora infestans) resistant potato varieties have also been reported 
(Mahajan et al. 2004). The role of increased peridermal thickness has been well 
described in disease resistance in sweet potato tubers (Bajit and Gapasin 1987), while 
cocoa genotypes that produce few and relatively smaller stoma in the pods allow fewer 
lesions of black pod disease (Phytophthora palmivora) and mandarins resistant to citrus 
canker (Xanthomonas campestris) have smaller sized stomata on the fruit (Guest and 
Brown 1997). 
Large differences in !entice! number were found between tubers produced at different 
sites as well as between cultivars and associated with both irrigation and planting depth 
treatments (Chapter 4). The differences within sites, cultivars and treatments were also 
large, although the ranges varied between sites. Esau (1965) has mentioned large 
variability in !entice! size in different plants from structures that can be scarcely 
distinguished with the unaided eye to those that are 1 cm and more in length. Clements 
( 1935) reported that in apples variability in number of lenticels was influenced heavily 
by variety and the amount of water available to the plant during the early development 
of the fruit. Scott et al. (1996) found a substantial variation in lenticel number of 
individual potato tubers within a cultivar. Between 36 and 270 lenticels per tuber were 
found in cultivar Home Guard, whereas (Burton 1966) reported 70 to 150 lenticels on 
tubers of the same cultivar. Meinl (1966) reasoned the variability was due to the tuber 
size, influenced by growing conditions. Stomata! number was also found to vary 
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between cultivars and production sites (Chapter 4), a finding that was consistent with 
documented variation in potato leaf stomata! numbers (Dwelle et al. 1983; Schluter et al. 
2003). The variability in lenticels and stomata was large enough to be consistent with 
differences in common scab incidence between crops and between tubers within crops. 
The size of the data set accumulated in this project, and the range of treatments assessed, 
offer scope to expand on the previously reported studies linking lenticel properties to 
common scab susceptibility. Relationships between the structures reported in the 
previous chapters and disease incidence and severity levels recorded in the trials are 
examined in this chapter. 
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Materials and Methods 
Analysis of structural features of tubers reported in chapters 4 and 6, combined with 
tuber infection rates and severity of common scab symptoms from the trials, was used to 
examine possible physical common scab disease resistance systems in potato. Detailed 
description of materials and methods for the field trials and disease infection window 
trial were described in respective previous chapters and in the General Materials and 
Methods (Chapter 3). 
Field trial tuber examination 
Additional measurements of structural features of cv Desiree harvested from the field 
trial was also undertaken. Uniform sized tubers (ranging from 25-30cm2) were selected 
from sites 1 and 7, representing higher scab-infected paddocks, and sites 3 and 6 where 
infection was low. Following the methods described in Chapter 3 and 4, the number, 
density and size of lenticels, stomata number, phellem thickness, suberin in !entice! 
phellogen and filling cells and in phellem layers were assessed. At harvest, percentage 
infection scab on the tuber surface and scab severity was assessed. 
Glasshouse clonal trial 
An additional glasshouse trial using planting material generated in a common scab 
resistance breeding program was undertaken. Four common scab susceptible and four 
resistant potato clones were planted under glasshouse conditions. The experiment was 
established on 25/01/2007 at the Horticultural Research Centre, University of Tasmania, 
Hobart. Out of 8 clones used, 3 clones designated A44, A 19 and A 15a were derived 
from Desiree, (a highly susceptible cultivar to common scab disease) and a further 3, 
designated TC9G, A365 and A380, were derived from Russet Burbank (a moderately 
resistant cultivar to common scab disease). Desiree and Russet Burbank (named as 
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RBK5) were used as the susceptible and resistant check cultivars. The experiment was 
laid out in a completely randomized design. 
Two-week old tissue cultured plants for all 8 clones were sourced from the TIAR, New 
Town Laboratory. Eighty SL plastic pots were filled up with standard potting mix. 
Inoculate prepared in vermiculite was mixed with the potting mix in 40 of the pots and 
the remaining 40 pots were filled with standard potting mix. To increase scab infection 
pressure, one handful of pathogen inoculum mixed with vermiculite was added on top of 
the pots three weeks after planting and the plants were mildly water stressed by 
withholding irrigation for 3 days. The details on irrigation, inoculum preparation and 
potting mix have been explained in Chapter 3. 
Data analysis 
Data were subjected to analysis of variance using SAS statistical software version 
package 9.1 (SAS Institute Inc., Cary USA, 2002-2003). Significance was calculated 
either at P = 0.05, P = 0.01 or P = 0.001 as noted in the text. Least significant difference 
was used for comparison of treatment means using Fisher's LSD (Steele and Torrie 
1981). Data are presented as mean values for each treatment combination. Relationship 
between experimental variables was explained using regression analysis. 
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Results 
Desiree was used in all trials in this chapter, and the structures present on tubers at 60 
DAP (i.e. approximately 2 weeks after tuberization) and common scab disease infection 
on the tubers harvested at 120 DAP (i.e. plant senescence) are summarized in Table 7.1. 
Data for other cultivars are summarized in Table 7.3. 
Assessment of possible links between preformed structural features and disease 
incidence and severity within each of the three trials did not reveal any clear 
relationships. Sites in the field trial that contained tubers with higher lenticel number and 
density tended to also have high incidence and severity of common scab, but there were 
some exceptions. Similarly high lenticel density and high disease levels were found in 
younger tubers in the infection window study, while the susceptible cultivar Desiree had 
a numerically higher lenticel density than other less resistant lines in the clone trial. In 
both the clone trial and the infection window trial, tubers with smaller lenticels tended to 
also have higher disease levels. 
Periderm thickness and number of cell layers increased with increasing tuber age in the 
infection window trial while disease levels decreased, while in the clone trial only small 
differences in periderm characteristics and disease levels between clones were noted. 
Variability in disease infection between the experimental sites appeared not to be related 
to !entice! number or density. For example, lesion severity was rated at 64% on site 3, 
which had a comparatively low number (44.6) of lenticels on the tubers while site 7 had 
a higher number and density of lenticels as well as high disease incidence and severity. 
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Table 7.1: Tuber structures assessed at 60 DAP and disease levels at 120 DAP on Desiree and Desiree-derived clones 
Lent1cels Subenzed Stomata Penderm/phellem Scab mfect1on 
Treatments Number Density Size Suberm m Sub;)rm m cell layers Number Thickness #of cells Tuber 
Tnals /mternode (#/cm2) (mm2) phellogen f1lhrg cells m phellem /mternode (um) m phellem (%) Seventy mfected (%) 
Sites 
1 58 8 96 02 00 I 3 06 44 
2 44 6 72 02 I 0 0 0 0 
3 34 8 7 I 02 3 8 28 09 64 
4 372 70 04 14 02 0 I 6 
5 47 6 88 02 08 09 04 26 
Field tnal 6 62 8 55 06 I 0 04 02 8 (cv Desiree) 
7 59 2 96 02 08 47 6 29 100 
8 47 4 84 02 02 0 I 0 I 4 
9 48 0 69 04 04 11 02 12 
10 44 6 72 02 04 0 05 004 2 
11 36 6 89 02 04 0 I 0 I 4 
Mean 47.4 7.8 0.4 0.9 4.9 0.50 24.5 
Days after 
tuberization 
60 13 0 15 6 11 178 45 11 7 24 68 
67 13 4 111 11 179 53 92 21 60 
74 13 6 68 14 184 55 05 16 28 
Disease mfect1on 14 
wmdow (Desiree) 81 11 8 63 217 69 04 I 3 24 
88 18 0 47 I 5 260 83 04 11 24 
95 182 45 I 7 291 93 02 11 20 
102 18 8 42 16 296 98 0 004 I 0 4 
Mean 13.3 7.6 1.4 229.3 7.1 6.4 1.5 32.7 
Clones 
Desiree (eh) 16 9 7 I 14 0 06 04 3 3 234 72 17 7 26 85 
Des1ree-denved A19 19 I 63 I 9 0 02 I 5 56 233 68 76 28 75 
clonal tnal A44 12 4 44 I 9 03 14 49 196 60 71 26 79 
A15a 114 41 I 9 00 I 5 64 199 63 13 4 27 84 
Mean 14.9 5.5 1.8 0.03 1.2 5.1 215.5 6.6 17.6 2.7 80 8 
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The largest lenticels were on the tubers harvested from site 6 and site 9, whilst the 
percent scab infection and lesion severity on the tubers was among the lowest (Table 
7 .1 ). Regression analysis of structural characteristics and common scab incidence of 
cultivars Shepody and Desiree in the field trial found no significant relationships (Table 
7.2). 
Table 7.2: Relationships (r2) between cultivars and scab infection(% tuber surface, scab severity and% 
tuber infected) 
Cultivars/features Tuber surface scabbed(%) Scab severity ( 1 to 4 scale) Tuber infected (%) 
Shepody 
Stomata(#) 0.18 0.17 0.19 
Lenticel (#) 0.2 0.23 0.24 
Stomata! density (#/mm2) 0.21 0.21 0.23 
Lenticel density (#/mm2) 0.03 0.06 0.06 
Desiree 
Stomata(#) 0.0007 0.04 0.01 
Lenticel (#) 0.002 0.02 0.13 
Stomata! density (#/mm2) 0.01 0.04 0.08 
Lenticel density (#/mm2) 0.002 0.01 0.09 
No difference was found in lenticel size between clones A19, A44 and A15a though they 
all were derived from Desiree. Clone Desiree had the smallest lenticel size and the 
highest common scab infection (17. 7% ), and clone A 15a had larger lenticels and high 
infection. No relationship was found between lenticels size and scab infection, scab 
percentage and scab severity in the results. Clone A44 had comparatively a more 
suberized phellogen layer beneath the lenticels, and a low scab infection on the tubers 
was noticeable (Table 7.1). Interestingly, scab infection was highest on Desiree in which 
filling cells of the lenticels displayed very low suberin deposition. The phellem layer of 
clone A15a was highly suberized but common scab infection was also high. Suberin 
deposition in the phellem layer was low in clone Desiree which had a high infection 
percentage. 
The variability in all tuber structures assessed across the three major trials was large. 
The number of lenticels in the second internode was higher in the field trial, varying 
from 34.8 to 62.8 for tubers harvested at 60 days after planting, compared to 13 for 
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tubers harvested at 60 DAP in the infection window trial and 16.9 for Desiree harvested 
at 60 DAP in the clonal trial. Variation created by tuber sizes on some of the structural 
features of the tuber has been presented in Chapter 4 with cv Desiree. Lenticel density 
varied less between the trials, but was higher at 60 DAP in the disease infection window 
trial than the field or clonal trials. Lenticel size also varied between trials, with lenticel 
diameter in tubers from the field trial being less than half that of lenticels from the two 
glasshouse trials. 
When the variations in lenticel attributes between trials are compared to disease levels, 
the trends noted within trials linking structural features to disease levels do not extend to 
the between trial comparisons. When the analysis was extended to other cultivars used in 
the field trial and clone trial, differences between cultivars were noted but no 
relationships between structure and disease levels was found (Table 7.3). 
Assessment of common scab infection in field-grown potatoes confirmed that Shepody 
was less susceptible than Desiree. As in Desiree no relationships were found between 
!entice! number and density with scab infection in Shepody (Table 7.3). Highest number 
of Ienticels was found on the tubers harvested from site 12 but percentage scab infection 
was highest (8.5%) on the tubers from site 1. Likewise, lowest number of Ienticels was 
counted on the tubers from site 7 but scab was rated as low severity. Results suggested 
that structural features like !entice! number, density and stomata number could not 
explain site variations in common scab infection on cv Shepody. 
Experiment undertaken on different Russet Burbank-derived clones in relation to the 
scab infection showed that although sourced from the same cultivar, number of Ienticels 
per internode, !entice! density and suberin deposition varied from clone to clone. The 
highest !entice! number was found on RBK5 and lowest on clone A380, both of which 
had no scab infection. Scab infection was present at very low levels on clone A365 
which had the smallest Ienticels (l .7mm2). Suberin deposition in the phellogen and 
filling cells also did not appear to be related to disease infection. 
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Table 7.3: Tuber structures assessed at 60 OAP and common scab disease assessment at 120 OAP 
Lent1cels Subenzed Stomata Penderm/phellem Scab mfect10n 
Density Subenn m Su berm Cell phellem Number Thickness Tuber 
Treatments /Internode (#/cm2) Size phellogen mfillmg layers layers(#) /mternode (um) #of cells mfected 
Tnals (#) (mm2) cells subenzed m ohellem (%) Seventv (%) 
Sites 
I 43 4 45 06 l 5 25 l 2 0 008 85 0 I 58 
2 59 6 40 04 0 I 0 l 4 
3 65 8 44 192 l 0 20 06 192 0 05 0 02 2 
4 48 2 49 44 005 0 I 2 
5 52 0 64 102 0 0 0 
Field tnal 6 514 37 28 08 26 08 28 0 0 0 (cv 7 40 2 3 8 24 I 4 24 11 24 49 1 3 56 Shepody) 
8 43 8 47 96 005 004 2 
9 64 2 53 78 005 004 2 
10 40 0 32 20 0 0 2 
II 53 I 49 84 0 05 0 04 2 
12 70 0 49 102 0 05 006 2 
Mean 52.6 4.0 6.3 1.2 2.4 0.9 6.5 1.1 0.2 11 
Clones 
Russet RBK5 14 9 65 I 8 03 09 57 199 60 00 00 0 
Bubank- TC9G 11 5 58 I 8 0 01 I 6 5 1 213 65 00 00 0 
based A365 95 49 I 7 0 04 I 3 65 216 62 03 14 69 
clones A380 67 45 l 9 00 08 39 229 67 00 00 0 
Mean 10.7 5.4 1.8 0.09 1.2 5.3 214.3 6.5 0.08 0.35 17.3 
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Phellem thickness was shown to vary significantly (P<0.05) between the inoculated and 
control tubers across the clones evaluated in the clone trial (Figure 7.1 ). The tubers 
sampled from inoculated treatments had a thicker phellem layer in the periderm than the 
contro l tubers. There was little difference in phellem thickness between the clones with 
average thickness in Desiree derived clones being only slightly higher than Russet 
Burbank clones. 
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Figure 7. 1: Phell em thickness in control and inoculated tubers 
The number of cell layers in phellem was hi ghest (7.7±0.4) on inoculated tubers from 
Des iree and lowest (5. 1±0.4) on control tubers of clone A380. The pathogen induced 
increase in number of phellem cell layers was hi gh ly significant (P<O.O I ) (F ig 7.2). 
Number of cell layers were s li ghtly higher on Desiree derived clones than Russet 
Burbank clones. 
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Discussion 
Results presented in the previous chapters demonstrated that large variability exists in 
the anatomy of structural features of potato tubers between sites, cultivars, tuber ages 
and growing conditions. Disease assessment data were combined with the results from 
the field trials, glasshouse and laboratory assessed experiments presented in the previous 
chapters to investigate the relationships of this structural variability with common scab 
disease infection on potato tubers. 
Cultivar and experimental site variability in disease infection in all of the trials was in 
line with the findings of several other researchers (Bouchek-Mechiche et al. 2000b; 
Kobayashib et al. 2005; Labruyere 1971; Lapwood and Hering 1970; McKee 1963; 
Scholte and Labruyere 1985; Waterer 2002; Wilson et al. 2001) who claim a large 
variability occurring between potato cultivars and growing conditions. Haynes et al. 
(1997) stated that both environment and genotypes are important in determining the 
reaction of potato tubers to scab, and levels of common scab found on cultivars Shepody 
and Desiree in the field trial also support this statement. 
Variations in number and density oflenticels and stomata between cultivars and growing 
environment were present, but tuber structures at 60 days after planting were found not 
to be related to the incidence and severity of common scab disease at harvest. No 
evidence was found to support the conclusion of Darling (1937) that lenticels of resistant 
tubers were much smaller than those of the susceptible ones. In addition to number of 
lenticels, !entice! density and stomata number in the tuber, suberin in filling cells in the 
lenticels was also not linked to the scab infection rates and severity. The results from 12 
different experimental sites and two cultivars were not in agreement with Chaube and 
Pundhir (2006) who suggested that preexisting, physical barriers were involved in host 
resistance to pathogen penetration. Care must be taken in interpreting the field trial 
results as the presence of and levels of pathogen present at the different sites may have 
varied. The lack of a relationship between structures and disease levels in the glasshouse 
trials where standard inoculation procedures were used does, however, support the 
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conclusion that the number, size or structure of the measured morphological features 
was not related to tuber susceptibility to infection. 
Older tubers resisted scab infection. This finding was in the line with other reports 
(Fellows 1926; Jones 1931; Lapwood and Adams 1973) that concluded that on the 
maturity of the lenticels, tubers become resistant to common scab infection. Jones 
(1931) and Lapwood and Adams (1973), reported that the susceptibility phase of each 
intemode remains for 10 to 14 days and following suberization of the tissues, lenticels 
become resistant. If this theory is correct, number and density of lenticels would not be 
expected to correlate to infection levels. While suberization in lenticels was not assessed 
in all trials in this project, the data from the clone trial as well as the field trial were not 
consistent with a relationship between early deposition of suberin in lenticel packing 
cells and resistance to common scab infection. 
A pathogen-induced effect on thickness of the phellem layer and increase in number of 
cell layers in phellem was noted in the clone trial. Pathogen inoculation also had a 
significant effect on the suberin deposition around the filling cells in the lenticels. The 
results support Dais and Garner ( 1978) and Hooker (1981) who reported that in response 
to invasion by bacterium, suberin is synthesized at the site of infection and meristematic 
tissues are stimulated to form a wound tissue layer. 
This study demonstrated that there was unlikely to be a relationship between the 
structures like stomata, lenticels and phellem layer on the potato tubers and 
susceptibility to scab infection. However, the role of suberin in cultivar resistance to the 
pathogen infection cannot be discounted, and evidence of pathogen induced suberin 
deposition was presented along with increased phellem thickness and phellem cell layer 
number. The possible role of this pathogen-induced response in disease resistance in the 
potato tuber is covered in the following chapter. 
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CHAPTERS 
Pathogen-induced structural changes in the tubers 
Introduction 
For a plant pathogen to infect, it must first penetrate the outer protective layers of the 
host either entering through natural openings or creating an entrance through the 
protective barrier. These existing or constitutive protective barriers may be physical (the 
cuticle, cell wall, stomata! aperture, or lenticel) or chemical (including inhibitory 
compounds or the absence of stimulatory compounds needed for pathogen development) 
(Guest and Brown 1997). Constitutive defences include many preformed barriers such as 
cell walls, waxy epidermal cuticles and bark (Freeman and Beattie 2008). In addition to 
constitutive resistance mechanisms, living plant cells have the ability to sense the 
microbes via diverse molecules including glycoprotein, oligosaccharides and peptides 
(Boller 1995) and respond to surface pathogen penetration attempts. These induced 
resistance mechanisms can be structural or chemical in nature (Moerschbacher and 
Mendgen 2000). The results presented in Chapter 7 suggested an induced structural 
resistance mechanism may be present in potato. 
Susceptibility to a certain pathogen has been assumed to depend on the capacity of the 
host plant to effectively induce its various defence mechanisms (Jellis 1977), and while 
induced structural resistance to common scab has not previously been suspected in 
potato it may explain variability in tuber susceptibility to common scab. A number of 
different types of cell wall fortification produced in response to the attempted 
penetration of plant cell walls have been discussed in the literature, but reports of 
induced changes in potato tuber periderm (phellem) are lacking. 
When microorganisms come in contact with the host cells an active resistance reaction 
can be induced in the host cells. Structural aspects such as local cell wall thickening and 
reinforcement, encapsulation of the penetrating pathogen in dead and often lignified or 
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suberized cells and even the formation of new meristems forming new layers of cells 
around the site of attempted microbial ingress have been reported (Boller 1995; 
Moerschbacher and Mendgen 2000; Strurtz et al. 2000). All structures produced in 
response to infection may be referred to as barriers (Aist 1983) and plant cells usually 
exhibit typical barrier formation reactions as a second line of active structural defence 
(Moerschbacher and Mendgen 2000) when preformed barriers are breached. These 
pathogen infection-induced, active resistance mechanisms involve the formation of new 
cell walls or cell wall material, or a change in composition or interaction of existing cell 
wall (Lamb and Dixon 1997). 
Suberization of cell walls to form cork layers is a typical change in chemical 
composition. Many examples are known of the formation of cork layers after pathogen 
infection. In potato tubers, production of phellem or cork layers are involved in 
formation of the characteristic raised scab lesions following infection by Streptomyces, 
and these layers are considered to restrict the spread of the pathogen in the tuber 
(Anonymous 1968). The possibility that pathogen-induced formation of cork layers 
could restrict the development of Streptomyces infection in potato tubers without 
forming visible lesions does not appear to have been investigated. 
Structural features of potato tuber, whether preexisting or pathogen induced in the host 
cells, could protect the host from infection. Despite the significance of structural features 
in disease resistance in other plant species, they have received little attention in potato. 
While the results presented in the previous chapter suggested that preexisting structures 
were not related to tuber susceptibility to common scab infection, the observed 
differences in phellem thickness following exposure to the pathogen suggested an 
induced defence response exists. Therefore, in the experiments discussed in this chapter, 
it was hypothesized that Streptomyces induced structural changes were related to tuber 
resistance to common scab infection. 
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Material and Methods 
Tuber age 
Tuber susceptibility to common scab was shown to vary with tuber age (Chapter 6), so 
induced structural responses were investigated in this experiment using tuber age as a 
treatment. A glasshouse experiment utilising the compartmentalized pot inoculation 
system described in Chapter 6 was established on 14/01/2008 at the Horticultural 
Research Centre, University of Tasmania, Hobart. The structural status of tubers was 
assessed on the day of pathogen inoculation and at weekly intervals for 3 weeks after 
inoculation, and common scab symptoms were assessed at senescence of plants. 
Tissue cultured plantlets of cultivar Desiree were used and all experimental protocols 
were followed as described in the materials and method section of chapter 6. There were 
64 plants in the trial, and a further 10 plants used prior to commencement of the trial to 
determine the date of tuberization. Tuberization date was determined by non-
destructively observing stolons on plants by pouring the potting mix/vermiculite media 
from spare plants at intervals of 3 to 4 days commencing 3 weeks after planting. The 
same 5 plants were initially used, with care taken to avoid damage to the plants to allow 
repeat observations, and 3 days after three of the five plants were observed to have at 
least one tuber initiated the remaining five plants were sampled. This date 40 days after 
planting was denoted as the date of tuberization as all plants were noted to have one or 
more tuber initials. 
Out of 56 plants planted, 16 plants were inoculated at 7 days after tuberization (DAT) 
and 16 plants at 21 DAT. Twenty four plants were not inoculated and used as controls. 
Pathogen preparation and inoculation method was followed as described in chapter 6. A 
soluble fertilizer was applied monthly (Miracle-Gro® Water Soluble all purpose plant 
food, 15-13.1-12.4 NPK, Scotts Australia Pty Ltd.). The pots were arranged in the 
glasshouse in a completely randomized block design. 
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Sampling commenced 1 week after tuberization, and at each sampling date four replicate 
pots were harvested for the appropriate treatments. Control pots were harvested every 
week for six weeks, commencing 1 week after tuberization. Plants inoculated 1 week 
after tuberization were harvested at 2, 3 and 4 weeks after tuberization. Plants inoculated 
4 weeks after tuberization were harvested at 5, 6 and 7 weeks after tuberization. A 
further 4 plants from each of the 2 inoculation date treatments were harvested at plant 
senescence, 90 days after tuberization, for assessment of common scab incidence and 
severity. 
Following harvest, all tubers were gently washed with tap water, counted and assessed 
for size and common scab symptom incidence and severity. Tubers were then fixed in 
FAA for histological studies. Eight tubers (2 from each plant) of uniform size, 
approximately the mean size for tubers at the sample date, were examined for each 
treatment at each sample date. Periderm sections and lenticels were dissected from the 
second internode of the selected tubers and assessed for phellem layer thickness and 
number of cell layers, and degree of suberisation in the phellem, !entice! packing cell 
region and in the basal phellogen region of the lenticels using the methods previously 
described (Chapters 3 and 5). 
Cultivar and clonal variation 
The experiment examined pathogen induced changes in tuber anatomy in four lines, 
chosen based on documented differences in susceptibility to common scab infection. 
Cultivars Desiree and Russet Burbank, and clones A 15a and A380 which are derived 
from Desiree and Russet Burbank respectively, were chosen for the study. Common 
scab susceptibility has been characterized for these clones in the breeding program, with 
Desiree being susceptible, Russet Burbank and A 15a being moderately resistant and 
A380 being highly resistant. The trial was planted on 13/02/2008 at the Horticultural 
Research Centre, University of Tasmania, Hobart. 
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Two-week old tissue cultured plantlets were planted into SL pots, with 32 plants of each 
cultivar used resulting in a total of 128 plus 12 pots for tuber checking. Half the pots 
were uninoculated controls. The other half had potting media containing Streptomyces 
inoculum to ensure tubers were exposed to the pathogen from the time of tuber 
initiation. Details on potting soil and pathogen preparation were described in Chapters 3 
and 6. After planting, a gentle irrigation on all the plants was given to help distribution 
of the bacteria. Plants were covered with plastic vials and irrigation was given every 
alternate day till they were established. Plants were then irrigated as required. A further 
25 grams of inoculum was added to the top of the potting mixture in the pots and mixed 
well 3 weeks after planting. 
The date of tuberization was assessed using additional plants established at the same 
time as the trial plants. Date of tuberization was defined as the date when each of 3 
sampled plants had at least 1 tuber initiated, and was 55 days after planting for Desiree 
and clone A15a, and 60 days after planting for Russet Burbank and clone A380. 
Harvesting of 4 inoculated and 4 control plants was done on a weekly basis commencing 
I week after tuberization and continuing up to 3 weeks after tuberization. 
Following harvest, all tubers were gently washed with tap water, counted and assessed 
for size and then fixed in FAA for histological studies. Eight tubers (2 from each plant) 
of uniform size, approximately the mean size for tubers at the sample date, were 
examined for each treatment at each sample date. Periderm sections and Ienticels were 
dissected from the second intern ode of the selected tubers and assessed for phellem layer 
thickness and number of cell layers, and degree of suberization in the phellem, !entice! 
packing cell region and in the basal phellogen region of the lenticels using the methods 
previously described (Chapters 3 and 5). 
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Results 
Tuber age at pathogen exposure 
A pathogen-induced effect on thickness of the phellem layer and number of cell layers in 
the phellem on the tubers of cultivar Desiree was found (Table 8.1 ). Significantly higher 
phellem thickness and number of phellem cell layers were found within 3 weeks of 
pathogen exposure when compared to untreated controls. 
Table 8.1: Pathogen-induced effect on phellem layer thickness and number of cell layers in phellem as 
affected by 7DAT and 212 DAT pathogen incoculation. Data are means of tubers per treatment. The 
figures in italics indicate standard errors of the means. 
Days after Phellem thickness (µm) Cell layers in the phellem 
tuberization Control Inoculated Inoculated Control Inoculated Inoculated 
(7DAT) (21DAT) (7DAT) (21 DAT) 
7 218.1±9.4 - - 4.5±01 -
14 217.8±7.7 193.6±9.3 - 4.7±0.2 4.0±0.5 
21 287.2±23.1 304.7±22.6 - 7.3±0.4 7.7±0.7 
28 355.9±10.2 407.4±7.2 338.4±12 6 8.3±0 3 10.8±0.5 8.7±0 4 
35 362.6±26.2 - 417.5±34.6 8.6±0 6 - 10.1±0.6 
42 469.0±13.6 - 525.9±5.2 13.1±0 5 - 17.3±0.6 
Average thickness of the phellem layers in untreated tubers at 7 DAT (on the day of first 
pathogen inoculation) was 218µm and this increased over the following 5 weeks to 
469µm by 42 DAT. Similarly, the number of cell layers in the phellem increased from 
4.5 to 13 .1 over the duration of the experiment. Exposure to the pathogen at 7DA T 
resulted in a small increase in phellem thickness and cell layer number 2 weeks later and 
a significant increase 3 weeks after exposure. In contrast, tubers exposed to the pathogen 
at 21 DAT displayed a 45 .4% increase in phellem thickness over control tubers 2 weeks 
after exposure and 83.1 % at 3 weeks after exposure (Table 8.1). The corresponding 
increases in phellem cell layers were 38.3% and 136.9% at 2 and 3 weeks after 
exposure. 
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At day 7 after tuberization, suberin was already observed on the phellem layer of control 
tubers. However, filling cells and phellogen layers in the lenticels were not suberized at 
this stage. As the tubers grew, more suberin was deposited in the phellem (Table 8.2). 
Suberin was only found in the filling cell zone of lenticels at 28 DAT in tubers 
inoculated at 21 DAT as well as control tubers, and levels were very low. 
Table 8.2: Suberin in phellem in the tuber periderm, filling cells and phellogen layer in lenticels as 
affected by 7 DAT and 21 DAT pathogen inoculations. Data are means of tubers per treatment. The 
figures in italics indicate standard errors of the means. 
Days after Treatments 
tuberization Control Inoculated 7DAT Inoculated 2IDAT 
(DAT) 
Phellem Filling Phellogen Phellem Filling Phellogen Phellem Filling Phellogen 
cells cells cells 
7 3.2±0.1 0 0 - - - - - -
14 3.4±0.2 0 0 4.2±0.2 0.0 0 - - -
21 110±04 0 0 - - - - - -
28 12.1±0 4 0.3 0 - - - 15 2±0 3 0.06 0 
An increased rate of suberin deposition in the phellem was noted within 7 days of 
exposure to the pathogen. This change preceded the increase noted in phellem thickness 
and phellem cell layers. As with the increase in phellem thickness, the rate of increase 
was higher in tubers inoculated at 21 DAT than 7 DAT, with increases above that of the 
control of 31.2% and 38.2%, respectively. Traces of suberin was observed on the filling 
cells at 28 DAT on control and inoculated at 21 DAT treatments. Phellogen layer under 
the lenticels was not suberized in all of the treatments and all of the dates of harvest 
(Table 8.2) 
Assessment of common scab incidence and severity at plant senescence confirmed that 
tubers at 7 DAT were more susceptible to common scab infection than tubers at 21 
DAT. Twenty seven percent of tubers were infected when plants were exposed to the 
pathogen at 7 DAT, while less than 10% of tubers from plants inoculated at 21 DAT 
displayed symptoms at senescence (Table 4). No common scab symptoms were found 
on any tubers from control plants not exposed to the pathogen. 
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Surprisingly, common scab symptoms were noted on some of the tubers 1 week after the 
pathogen inoculation (Table 8.3). The percentage of tuber surface area covered by scab 
lesions increased from 4.6% on the first week following inoculation at 7 DAT to 17% at 
28 DAT. The results from late inoculation (pathogen inoculation at 21 DAT) showed a 
similar trend, increasing from 0.03% one week after inoculation to 4.4% three weeks 
after inoculation. The severity of common scab, assessed as lesion depth, also increased 
over time, with tubers inoculated at 7 DAT displaying more severe symptoms than those 
inoculated at 21 DAT. Disease incidence at later inoculation treatment (DAT) was very 
low compared to earlier inoculation. 
Table 8.3: Scab infection on tubers at different dates of harvest as affected by 7 DAT and 21 DAT 
pathogen inoculations. Data are means of tubers per treatment. The figures in italics indicate standard 
errors of the means. 
Date (DAT) % of tuber infected Scab lesion severity 
Control Inoculated 7 Control Inoculated Control Inoculated Control Inoculated 
DAT 21 DAT 7DAT 21 DAT 
14 0 4.6±1.7 0 - 0 1.5±0.1 0 -
21 0 7.9±2.1 0 - 0 2 0±0.1 0 -
28 0 17 2±2.3 0 0.03±0 0 0 2.1±0.1 0 1 3±0.2 
35 0 - 0 3.4±1. 7 0 - 0 1.6±0.2 
42 0 - 0 4 4±2.6 0 - 0 1.6±0.2 
90 0 27.0±5.3 0 9.6±4.9 0 2.4±0.2 0 1.1±0.2 
(senescence) 
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Cultivar and clonal variation 
A significant difference was found between inoculated and non-inoculated treatments in 
phellem thickness, number of cell layers and rate of suberin deposition at all of the three 
harvests from week 1 to 3 (Table 8.4) for each of the clones. 
Significant increases in phellem thickness and number of phellem cell layers were noted 
within 7 days of tuberization (Table 8.4). The pathogen-induced response differed 
between the clones planted and with harvesting date. Exposure to the pathogen resulted 
in increases of 28.0%, 20.2%, 17.3% and 38. l % in phellem thickness at 7 DAT for 
RBK5, A380, Desiree and Al5a respectively. One week later, the differences between 
control and inoculated tubers were 51.8%, 28.8%, 12.2% and 44.9% respectively, and at 
21 DAT, 32.2%, 18.6%, 0.2% and 3.9%. 
Table 8.4: Pathogen-induced effect on phellem thickness and number of cell layers in resistant and 
susceptible clones. Data are means of 8 tubers per treatment. The figures in italics indicate standard errors 
of the means. 
CLONES 
Harvest date RBK5 A1RO Oemee Al5a 
(DAT) Control Inoculated Control Inoculated Control Inoculated Control Inoculated 
Phellem thickness (um) 
7 1834±101 235 3±10 6 178 5±6 2 214 5±10 3 195 9±7 7 229 7±88 168 9±10 3 233 2±8 0 
14 213 6±12 6 324 3±13 0 220 2±13 8 283 7±13 6 208 2±7 8 233 6±6 3 I94 I±5 1 2813±198 
21 267 9±8 7 354 4±24 6 341 2±35 4 404 6±25 I 2614±303 261 8±8 7 283 8±25 1 294 8±20 0 
Number of cell layers in phellem 
7 3 8±0 3 5 2±02 3 7±0 2 4 6±02 40±0 1 47±02 4 2±02 46±02 
14 46±02 7 5±04 5 2±0 2 6 3±02 4 7±05 5 1±06 4 3±0 1 60±04 
21 72±02 9 9±08 7 9±1 0 10 7±05 61±0 9 6 5±08 7 5±0 9 7 0± 04 
The increases in phellem cell number were similar to those of phellem thickness. The 
rate of increase in phellem thickness and phellem cell layers tended to be lower in the 
susceptible Desiree in comparison to the moderately resistant RBK5 and Al 5a and the 
highly resistant A380. The response in A380 was lower than that of the moderately 
resistant RBK5 and A 15a clones, but it is interesting to note that phellem thickness and 
cell layer number in control tubers of this clone tended to be higher than in the other 
clones which contributed to the reduced percentage response. 
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An increased rate of suberin deposition was noted 7 days after tuberization in inoculated 
tubers (Table 8.5). Suberization of the phellem layer occurred while only traces of 
suberin were found in lenticels. More suberin was found in the resistant clones than the 
susceptible Desiree, although the difference in rate of suberization between control and 
inoculated Desiree tubers was greater than in the more resistant clones. 
Table 8.5: Suberin in phellem layer, filling cells and phellogen layer beneath the lenticels in the potato 
tubers from 7 DAT 
Clones 
Date RBKS Desiree A380 Al Sa 
Control Inoculated Control Inoculated Control Inoculated Control Inoculated 
Phellem 3.5±0.4 3.9±0.3 0.4±0.1 1.1±0.2 2.6±0.3 2.5±0.3 2.2±0.4 3.9±0.4 
Filling cells 0.6 0.0 0.0 0.0 0.03 0.0 0.0 0.0 
Lenticel 0 0 0 0 0 0 0 0 
phellogen 
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Discussion 
Induced resistance mechanisms have been widely reported whereby when the host is 
challenged by the pathogens, it quickly responds either through changes in structural 
characteristics that act as physical barriers and inhibit the pathogen from gaining 
entrance in the plant or through biochemical reactions in the cells and tissues of the plant 
to inhibit growth of the pathogens (Agrios 2005; Anonymous 1968). Evidence of 
Streptomyces-induced structural responses in potato has been documented in this chapter 
and for the first time these responses have been linked to tuber resistance to infection. 
An increase in phellem layer thickness in the tuber periderrn following pathogen 
inoculation was recorded in both the tuber age and clonal-cultivar trials, and increased 
rate of suberin deposition prior to the increase in phellem thickness was also found. 
Tubers that were more susceptible to infection displayed a slower rate of response, 
indicating that the pathogen-induced response may be related to tuber resistance to 
common scab disease. 
The earliest pathogen induced response was increased rate of suherin deposition in the 
phellem within 7 days of exposure to the pathogen. Suberin deposition within lenticels 
appeared to occur later than the response in the phellem. Suberization has been noted as 
a pathogen-induced defence response in other plant species including cereals, 
Solanaceae, brassicas, melons and carrots (Dean and Kolattukudy 1976; Guest and 
Brown 1997; Soliday et al. 1978). Increased cell division in the periderm, resulting in a 
thicker phellem composed of more cell layers, occurred 2 to 3 weeks after exposure to 
the pathogen. The increase in phellem thickness due to the increase in cell layers in 
phellem as an induced response noted in this study has not been documented previously 
in herbaceous species but has been reported in woody perennial (Aist 1983; Anonymous 
1968; Franceschi et al. 2005; Wang et al. 2006). 
Lutman (1919) concluded that thickness of the tuber skin determines the resistance to 
the scab but Jones (1931) questioned the reason of resistance in russeted skin unless 
their deep set lenticels become suberized at a very early stage. Darling (1937) 
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demonstrated that resistance to scab disease is not always associated with the thickness 
or russet skin, showing that many resistant seedlings had smooth skins, and concluded 
that structure of lenticel was the determining character although other factors may also 
be involved. Hooker and Page (1960) investigated pathogen growth in tubers and found 
no evidence that the common scab pathogen could penetrate into suberized periderm of 
the tuber. 
The lesions associated with the characteristic scabs on infected tubers are composed of 
thickened, suberized periderm (Loria et al. 2003). The formation of these lesions is 
considered to be a tuber response to infection to limit the spread of the pathogen in the 
tuber (Agrios 2005). Based on this study, the rapid initiation of the defence response 
soon after exposure of the tubers to the pathogen may restrict the infection at an early 
stage, with the early restriction of pathogen incursion resulting in limited further 
periderm growth. Delayed initiation of the defence response may allow greater initial 
pathogen incursion, resulting in a subsequent more sustained period of periderm 
development that appears as the raised common scab lesion. The documented variation 
in tuber susceptibility to common scab infection noted in this study and the literature 
may therefore reflect differences in the timing and extent of the induced structural 
response rather than differences in rates of infection. 
While further study of the proposed pathogen-induced structural resistance mechanism 
is required, several possible explanations for the observed link between the rapid 
induced response and low final level of common scab symptoms in more resistant tubers 
may be proposed. The production of common scab lesions in potato tubers following 
infection by Streptomyces species has been shown to require production of the toxin 
thaxtomin A by the pathogen (Lawrence et al. 1990). Lesion formation requires cell 
division in the phellogen layer in the periderm to produce multiple layers of phellem 
cells, so it is possible that the toxin stimulates this increase in cell division. Rapid 
formation of new phellem layers, and suberin deposition in those layers, may limit the 
rate at which toxin reaches the phelloderm. Alternatively, the response may exclude the 
pathogen from entering the tuber or may encapsulate the pathogen in the outermost 
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layers of the phellem. Examination of tuber responses to non-pathogenic strains of 
Streptomyces, which do not produce thaxtomin A, may provide further information on 
the mechanism by which the defence strategy reduces incidence and severity of common 
scab symptoms. 
From the results, it can be concluded that pathogen-induced changes occur in tuber 
structures. The role of this response in resistance against common scab disease requires 
further investigation, but offers a new research direction in the development of strategies 
to control the disease. 
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Chapter 9 
General Discussion 
S. scabiei, the predominant causal organism of common scab disease of potato, is the 
oldest characterized potato pathogen (Lambert and Loria 1989a). It has worldwide 
distribution and as one of the major diseases of potatoes has been the subject ofresearch 
for over a century. Thaxter, in 1890, described the causal organism of potato scab and 
named it Oospora scabies (Thaxter 1891 ). The pathogen was later renamed 
Actinomycetes scabies (Gussow 1914) and more recently Streptomyces scabiei (Thaxt.) 
(Lambert and Loria 1989a). While the causal agents, Streptomyces scabiei and more 
than 30 other Streptomyces species, have been identified and described (Lambert and 
Loria 1989a,b; Faucher et al. 1992; Goyer et al. 1996; Boucheck-Mechiche et al. 2000b; 
Wilson et al. 2001), and the involvement of the toxin thaxtomin A in pathogenicity has 
been established (King et al. 1989), many other aspects of common scab infection on the 
tubers have remained open to question. Two llnanswered questions are the route by 
which the pathogen enters potato tubers and whether differences in tuber susceptibility 
to infection may be related to structural features. The research presented in this thesis 
goes some way towards answering these questions. 
Lenticels have been widely reported in the literature as the route of entry for the 
pathogen into the tuber (Adams and Lapwood 1978; Fellows 1926; Han et al. 2005; 
Raymer et al. 1990), but no direct, strong evidence to support this assumption was found 
in the study. On the contrary, the evidence of pathogen induced changes in the phellem 
layer being linked to tuber susceptibility to infection suggested that pathogen entry may 
be through the periderm. Big variations in number, size and density of lenticels within 
and between treatments were found, representing a detailed description of the variability 
in lenticel as well as stomata! features on different potato cultivars under different 
growing conditions. Scott et al. (1996) also found a substantial variation in lenticel 
number for individual tubers within a cultivar, and Burton (1966) reported that lenticel 
numbers varied from 70 to 150 in cultivar Golden Wonder. Tuber size and growing 
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conditions were concluded to influence tuber number (Meinl 1966), a conclusion that 
was supported by results in this project. However, despite the variability found between 
sites, cultivars and growing conditions, the number of lenticels per tuber, or the number 
per unit area of tuber surface, did not appear to be determining infection. Lenticels 
cannot be ruled out as the entry route for the pathogen into the tuber as the range of 
treatments in the project was not extensive, but the lack of evidence of links between 
lenticel features and infection rate suggested that an alternate entry route may be 
preferred. The literature also does not contain strong, direct evidence of infection 
through lenticels despite the widespread acceptance of this infection route. Further 
investigation of lenticel development, particularly timing of suberisation in the lenticels, 
using a broad range of cultivars and growing conditions would be required to 
definitively rule out pathogen entry through lenticels. 
Stomata were also concluded not to be a major entry point for the pathogen. Very few 
stomata were present on tubers, and number did not vary during tuber development from 
several days after tuber initiation. The sparse distribution of stomata over tuber surface 
also was not consistent with the number and distribution of scab lesions noted on tubers. 
These observations, and the lack of a significant correlation between stomata! number or 
density and common scab incidence and severity, indicated that stomata were not a point 
of entry for the pathogen. Previous assertions that infection may occur through stomata 
(Fellows 1926; Loria et al. 2003) cannot be discounted, particularly as the pathway has 
been documented in other plants for bacterial pathogens and bacteria have been 
considered to only enter though wounds or natural openings such as stomata, lenticels, 
hydathodes, nectaries and leaf scars but the evidence in this project suggests it is 
unlikely to be the sole pathway in potato tubers. 
Evidence of pathogen-induced changes in periderm structure, and the more rapid 
pathogen-induced response noted in tubers displaying lower susceptibility to infection, 
indicated that direct entry through the periderm may be the entry route for the pathogen 
into the tuber. Periderm is a complex structure in the potato tuber and contains non-
lenticular phellem, phellogen and phelloderm. Generally this structure has been 
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considered to protect against water loss and pathogen invasions (Guest and Brown 
1997). Evidence of direct penetration through periderm by common scab pathogens is 
limited, but both S. ipomoeae and S. scabiei hyphae have been reported to directly 
penetrate the tuber periderm and infect potato tissue (Clark and Matthews 1987; Loria et 
al. 2003). Images have been published of S. scabiei colonizing potato tuber surfaces and 
penetrating plant cells using short branches that emerged from the main hyphae (Loria et 
al. 2003). Stuart (1914) and Lutman (1919) concluded that thickness of the tuber skin 
determined the resistance of tubers to scab, pointing out that the russet varieties 
generally are moderately resistant to infection, but other authors have rejected this view 
(Fry and Loria 2002; Loria et al. 2003; Raymer et al. 1990). If a pathogen-induced 
response in periderm development rather than periderm structure at time of exposure 
contributes to tuber resistance to infection, it is understandable that previous studies of 
periderm structure at single sampling dates would not have consistently found 
relationships between the periderm structure and infection levels. This may have led to 
the periderm pathway not being investigated in more detail. It is recommended based on 
the results of this study that further research be undertaken examining the pathogen-
induced changes in periderm structure, focussing on the hypothesis that resistance is 
linked to symptom suppression (reduced duration and extent of the pathogen-induced 
cork layer formation in resistant tubers due to early engagement of the defence 
mechanism) rather than reduced infection. 
Pathogen-induced defence responses have been an important area of plant pathology 
research. When micro-organisms come in contact with the host cells, an active resistance 
reaction may be induced in the host cells which may have structural aspects such as local 
cell wall thickening and reinforcement, encapsulation of the penetrating pathogen in 
dead and often lignified or suberized cells and even the formation of new meristems, 
forming new layers of cells around the site of attempted microbial ingress. Infection by 
fungi or bacteria, and even by some viruses and nematodes, frequently induces plants to 
form several layers of cork cells beyond the point of infection apparently as the result of 
stimulation of the host cells by substances secreted by the pathogen (Agrios 2005) and 
the cork layers inhibit the further invasion by the pathogens. In potato, a pathogen-
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induced response on the tuber periderm has not received much research attention as a 
resistance factor but the continued production of cork layers in the periderm has been 
described since this reaction gives rise to the characteristic common scab symptoms on 
the tuber. 
While lenticels were concluded to not be as important in susceptibility to infection as 
was initially thought based on the literature, the project has nevertheless contributed 
significantly to knowledge of lenticel development. Two pathways of lenticel formation 
were documented in potato tubers; formation from stomata, as has been previously 
documented (Adams 1975a) and formation from rupturing of the epidermis or periderm 
surface during tuber expansion. The first pathway was the dominant process of lenticel 
formation in tubers when they were not growing fast and the second pathway was linked 
to rapid rate of tuber expansion. The presence of the two pathways explains variability in 
lenticel number under different growing conditions and between individual tubers on the 
same plant and within crops. The observation of localised zones of cell division in the 
phellogen, leading to increased cell number and cell expansion in the phellem, preceding 
rupture of the periderm surface is an area worthy of further investigation if the 
regulation of lenticel formation is to be understood. It was also noted that suberisation 
did not always take place in lenticels which is in contrast to assumptions in the literature. 
For example, (Guest and Brown 1997) mentioned that lenticels in potato tubers suberize 
rapidly during development to exclude Streptomyces scabiei pathogens. This and other 
previous reports of suberisation in lenticels in early tuber development may have been 
due to a pathogen-induced response rather than being a characteristic step in lenticel 
formation. 
Stomata from the growing potato tubers can be converted to lenticels, but it was 
observed that not all stomata are converted during tuber growth. The presence of 
stomata on fully expanded intemodes on mature tubers has not previously been 
documented. Given that it was concluded that stomata were unlikely to be a major entry 
point for the pathogen, the presence of stomata on mature tubers may not be significant 
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in terms of disease susceptibility but the observation may have some relevance to studies 
of gas exchange and water loss in tubers. 
The infection window for common scab was confirmed as being the first few weeks 
after tuber initiation, although tubers remain susceptible throughout the tuber growth 
phase. This was consistent with the conclusions from the literature that the developing 
portion of the tuber is most vulnerable and severity increases as the tubers swell (Adams 
and Lapwood 1978; Hide and Lapwood 1992; Hooker 1981). Lapwood and Hering 
(1968) also observed a brief period of lenticel susceptibility on different intemodes of 
the tubers as they develop; suggesting that disease susceptibility in the tubers was at a 
maximum during the very early stage of tuber formation. Infection of tubers at later 
stages of development were documented, as has been previously reported (Park et al. 
2002), but severity of infection measured as both percentage of tuber surface area 
covered by lesions and the depth of lesions was greatest with earlier infection. The data 
documenting the infection window fit the literature observations and provide first direct 
assessment of changes in susceptibility with tuber age. Regions (internodes) on the 
luben:; appear lu be rnusl suseeplible when they are rapidly expanding, so tubers are 
susceptible to infection at the basal end during early tuber growth and progressively 
become more susceptible towards the apical end with tuber age. Infection at the basal 
end, in early tuber development, is most important commercially as the basal intemodes 
occupy much of the tuber surface area and infected areas have longer to develop into 
severe scab lesions. 
Two novel methods were developed in the project to examine the infection window, but 
have broader application in the study of the host/pathogen interaction in common scab 
disease. The pot based compartmentalisation method, separating the root system from 
the stolon and tuber zone and allowing media to be changed in the tuber zone at different 
stages in plant development, provides a whole plant inoculation system. The hydroponic 
system permits examination of individual tubers, and potentially inoculation of specific 
regions on tubers, at defined stages of tuber growth and development. Further 
refinement of the hydroponic method is required to achieve higher infection rates and 
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severity of symptoms. Both methods have application in the study of pathogen-induced 
tuber defence responses as they allow inoculation and tuber sampling at defined times. 
Overall, evidence from the project suggests that structural features long considered as 
being associated with common scab disease may not be related to tuber susceptibility to 
infection. The findings in this current study suggested no role of preformed structural 
features of the tuber in susceptibility to infection, but that pathogen-induced structural 
changes in the periderm may be linked to tuber resistance to infection. It is 
recommended that future research test the hypothesis that tuber resistance to common 
scab infection is a result of a rapidly induced increase in cell division in the periderrn 
following exposure to the pathogen, leading to increased cell layer number and thickness 
in the phellem layer and also suberisation in the layer. Comparison of tuber responses to 
non-pathogenic and pathogenic strains of Streptomyces, and to the toxin thaxtomin A, 
may provide clues to the induction of this response. It is hoped that further 
understanding of the resistance mechanism may lead to improved methods to control the 
disease for potato producers worldwide. 
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Appendix 1 
Collaborating farmers, locations, soil type and irrigation type applied to the commercial 
fields in experiments - 2005-06 
Soil type 
(Isbell RF 2002; The 
Australian Soil 
Classification. Revised ed, 
Site Location CSIRO: Melbourne) Irrigation 
1 Cressy Sodosol Travelling gun 
2 Campbell Town Sodosol Centre pivot 
3 Ross Sodosol Centre pivot 
4 Sassafras Ferrosol Travelling gun 
5 Sassafras Ferrosol Travelling gun 
6 Deloraine Ferrosol Travelling gun 
7 Deloraine Ferrosol Travelling gun 
8 Latrobe Ferrosol Travelling gun 
9 Sassafras Ferrosol Travelling gun 
10 Abbots ham Ferrosol Travelling gun 
I I Gaw I er Ferrosol Lateral move 
12 Avoca Tenosol Centre pivot 
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Appendix 2 
ISP2 medium for cultivation of Streptomyces 
Malt extract 10 g 
Yeast extract 4g 
Glucose 4g 
Agar 15 g 
Water: make up to lL 
Adjust pH to 7.2 and autoclave 
SAY Solution 
Sucrose 20 g 
L-asparagine 1.2 g 
KzHP04 0.6 g 
Yeast extract 10 g 
Water: make up to lL 
Adjust pH to 7.2 
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